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ABSTRACT 
 Benzobisazoles are a class of molecules that initially found their use in high-
performance materials as high tensile strength fibers. Recent modifications to the syntheses 
of benzobisazoles have allowed for the materials to be studied as an n-type material to be 
used in organic semiconductors, more specifically organic light-emitting diodes (OLEDs). 
The high molecular stability required to produce blue light gives an opportunity for 
benzobisazoles to fulfill the requirement. Prior work on benzobisazoles, more specifically, 
the oxygen analog benzobisoxazole, has been used to try to achieve blue (<450 nm) but 
fell short in terms of efficiency due to molecular design choices. The following describes 
new design strategies such as utilizing single-bond linkage between the electron rich and 
deficient molecules, as well as transitioning from polymer to small molecules to fine-tune 
the properties of the materials for semiconductor applications. 
Utilizing a new design strategy, we demonstrate the ability to blue-shift the 
emission on two benzobisoxazole-based polymers by adopting single bond linkage 
between the benzobisoxazole and electron rich moieties fluorene and carbazole and achieve 
a usable brightness (> 1000 Cd/m2) when incorporated into OLEDs. With further 
modification of the benzobisoxazole core piece by adding dual conjugation along both axes 
  ix 
to produce small molecules, we were able to achieve a deeper blue emission at higher 
efficiencies due to the reduced conjugation and aggregation than our previous systems 
experienced.  
Development of the small molecules led us to adopt a modular synthetic strategy 
for the high-efficiency material design of benzobisoxazole-based materials. In combination 
with Density Functional Theory calculations, we show the viability of performing 
computer-backed molecular design to develop materials to be used in all types of 
semiconductor applications. From calculations, we synthesize benzobisoxazole cruciforms 
that have both electron rich and electron deficient moieties. These products we then 
compared to experimental data to confirm the validity of computer-based rational design 
of molecules for not only blue OLEDs but for all semiconductor applications. The 
extremely high number of possible combinations of electron rich and electron deficient 
moieties allows for extensive future studies for the most optimal substituents for proper 
energy leveling tuning. 
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CHAPTER ONE: COMPREHENSIVE REVIEW OF ORGANIC 
SEMICONDUCTORS AND ORGANIC LIGHT-EMITTING DIODES 
SECTION ONE-INTRODUCTION TO ORGANIC SEMICONDUCTORS 
Although conductive organic materials have been reported as far back as 1862 with 
polyaniline, as described by Henry Letheby,1 widespread interest in organic 
semiconductors didn’t begin until the discovery of conductivity in various oxidized 
polyacetylenes over 100 years later in 1972 by future Nobel Prize winners Alan Heeger, 
Alan MacDiarmid, and Hideki Shirakawa.2, 3 Since then, there has a been an explosion of 
advancements to widespread applications such >13% efficient organic photovoltaics 
(OPVs),4-9  >12 cm2/v electron mobilities for field-effect transistors (OFETs),10-12 light-
emitting diodes (OLEDs),13-16 polymer sensors,17, 18 batteries,19-21 and non-linear optics.22, 
23 When compared to their inorganic counterparts, organic semiconductors fall short in raw 
comparison of efficiencies, but they are not without strategic advantages to keep investors 
interested in the future. Although inorganic semiconductors currently have higher device 
efficiencies, they require extremely high levels of crystallinity and purity to prevent defects 
that devastate device performance.24-26  Even if traditional silicon is very cheap, conversion 
to ultra-high purity silicon drives up the cost of material and fabrication and limits material 
design due to the need for high temperatures. Organic semiconductors, on the other hand, 
are derived from petroleum or natural products and can be fabricated into devices with low-
cost techniques such as spin-coating27, 28 and inkjet printing.29, 30  On top of cheaper 
fabrication, organic semiconductors possess possibilities that their inorganic counterparts 
cannot match, such as flexible substrates31, 32 and no need for backlights for displays33, 
  
2 
which increases viability and reduces electrical costs. Finally, organic semiconductors 
allow for synthetic modifications to the materials, which allows for fine-tuning their 
physical, optical, and electronic properties such as through side chain or heteroatom 
substitutions, while inorganic materials have intrinsic properties that make it extremely 
difficult to alter them. With this advantage, organic materials, from even a single family, 
can be altered to fit into any of the applications mentioned earlier. Organic semiconductors 
are defined as carbon-based materials that consist of pi-bonded molecules or polymers with 
alternating single and double bonds in conjugation, that, when appropriately excited, can 
conduct charges in either recombination or diffusion. The semiconductor property stems 
Figure 1: Development of the HOMO and LUMO bands in organic semiconductors 
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from the fact that conjugated systems possess extended π-systems. When the extent of 
conjugation of the molecule increases, usually by increasing the polymer or molecule 
length, the number of π-bonding molecular orbitals and π*-antibonding orbitals increase 
as a result. As the number of said π-bonding orbitals increases, the energy of the highest 
occupied molecular orbital (HOMO) rises, while the surge of π*-antibonding orbitals the 
lowers the energy of the lowest unoccupied molecular orbitals (LUMO). The HOMO and 
LUMO of organic semiconductors resemble the valence and conduction bands, 
respectively, of their inorganic counterparts as seen in FIGURE 1. The bandgap for 
organic semiconductors is of great importance, as the molecular structure directly 
determines the energy levels. With synthetic modifications of the polymer or small 
molecules, the bandgap can be altered to allow energy level alignments in circuits or 
application design. Especially in the case of polymers, the bandgap of organic materials 
should eventually decrease to zero (FIGURE 1) and begin to mimic the properties of 
conductors. This assumes that the alternating double and single bonds are of congruent 
length throughout the structure, but Peierl’s distortion34 describes that the molecules would 
exhibit instability due to lattice vibrations giving longer single bonds and shorter double 
bonds. Yannoni and Clarke confirmed alternating bond lengths in 1983 by determining the 
bond distances in polyacetylene in which they measured the carbon-carbon bond lengths 
of 1.36 and 1.44 Å for the double and single bonds, respectively, instead of an average 
length of 1.34 Å.35 As a result of Peierl’s distortion and the intrinsic likelihood for polymers 
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to twist over long distances and to cause defects along the chain, complete delocalization 
of the π-electrons does not happen. Instead, a specific length, known as effective 
conjugation length, of delocalization will occur, beyond which adding more units to the 
polymer chain will not alter the electronic or optical properties of the material. Effective 
conjugation length is unique to each polymer/material and is characterized by the 
molecular structure and substituents on the molecule. Brédas et al. showed ionization 
Figure 2: Progression of molecular twisting 
Figure 3: Aromatic vs quinoidal stabilization38 
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potentials change as a result of the conjugation length of various conjugated polymers and 
considered effective conjugation length to be what gives materials their “character”.36 Even 
though each polymer has a specific effective conjugation length, this property can be tuned 
synthetically by incorporation of molecular twisting via bond linkage or steric interactions 
to force twisting along the polymer backbone. With more twisting along the polymer 
backbone, there is a decrease of the π-orbital overlap and a decrease in the effective 
conjugation length. As illustrated in FIGURE 2, steric interactions can be induced with 
alkyl chains, reduced twisting can be induced with hydrogen-hydrogen interactions, or 
virtually no twisting can be present, as seen in fused ladder polymers.37Manipulating 
effective conjugation length is not the only method for tuning the bandgap of organic 
semiconductors. An alternative is to manipulate one of the two possible non-degenerate 
ground states, which are called the aromatic and quinoid forms of conjugated molecules. 
FIGURE 3 shows the stabilization and destabilization of the aromatic and quinoidal 
forms.38 Since the quinoid form is no longer aromatic, quinoids do not benefit for the 
aromatization stabilization energy and are higher in energy. On the other hand, the quinoid 
form causes the double-bond linkage between the aromatic units and makes the conjugated 
Figure 4: Donor and acceptor polymers and the respective band diagram 
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molecule more planar, which increases the effective conjugation length and lowers the 
bandgap. OLEDs require wide-bandgap materials, which are tuned by aromatic 
stabilization, while quinoidal planarization can be used to tune materials with smaller 
bandgaps used for OPV and OFET. While the idea is quite simple, trying to achieve a 
particular stabilization pathway can be very synthetically difficult. Meta conjugation is 
primarily used for aromatic stabilization, while the addition of fused aromatic units to the 
backbone of the polymer provides quinoidal stabilization.  
 The most popular and arguably the most effective bandgap tuning method is the 
incorporation of the donor (electron-rich) and acceptor (electron deficient) moieties39 into 
polymers or small molecules. Orbital mixing from the donor and acceptors can be paired 
together and usually generates a narrower bandgap (FIGURE 4). The HOMO is primarily 
influenced by the donor, while the acceptor moiety38 influences the LUMO.  Successful 
incorporation of the donor-acceptor design strategy will result in a relatively high HOMO 
Figure 5: Examples of donor and acceptors used in organic semiconductors 
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energy level which increases oxidative stability against oxygen more specifically.40 In 
addition to the donor-acceptor strategy, the addition of substituents to the conjugated 
backbone tunes the energy levels through resonance or inductive effects to the system. The 
resonant effect uses electron-withdrawing groups such as esters, ketones, amides, imines, 
and nitriles and can lead to increased electron affinities and low energy LUMOs. Another 
route is to use induction through electronegative atoms, such as fluorine or perfluoroalkyl 
groups. Contrarily, electron-donating substituents like amines, alkoxys, thioalkyls, or 
electron rich atoms such as N, O, S, Si, and Se can be incorporated to reduce the ionization 
potential and raise the HOMO energy level via resonance or induction, respectively.41 In 
FIGURE 5 are examples of donor and acceptor moieties that have been extensively studied 
throughout literature and have become commercially available now. Although the 
structures may seem straightforward, the use of organic materials for synthetic tunability 
is not without challenges to incorporation, such as the lack of methodology for new 
handles, or yield limiting steps within the aromatic system that may slow down the 
investigation of these materials in their respective semiconductor applications. Efforts to 
overcome these challenges include investigating new conjugated systems or combinations 
Figure 6: Side chain impact on power conversion efficiency (PCE) 
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thereof or in fine-tuning current systems with something as simple as alkyl chain length to 
vastly increase performances,42 as seen in FIGURE 6.  
Lastly, side chain selection and placement play a crucial role in the development of 
organic semiconductors. When using a multitude of aromatic molecules, a double-edged 
sword dilemma is created. On the one hand, they allow increased conjugation and 
conductivity, while on the other hand, the conjugated polymers will tend to exhibit large 
amounts of π-π stacking43 which causes materials to be insoluble in common organic 
solvents and limits the processability for device applications. The primary tool to combat 
the stacking problem is the addition of side chains, primarily alkyl, but alternative chains 
such as heteroatom,44 conjugated,45 and amphiphilic46 have also been used to induce unique 
morphologies. Design and placement of chains become a difficult task as each application 
requires different properties. In principle, alkyl groups increase the solubility of conjugated 
polymers by disrupting crystallinity and altering the morphology in the film state.47-49 
Typically, short linear (n-alkyl) chains give rise to order in the film state,50 at the cost of 
solubility, while long alkyl chains give greater solubility and disrupt the solid-state 
packing. Ideally, short alkyl chain lengths are preferred for OPV and OFET materials for 
the increased π-π stacking, but the lower solubility can cause difficulty in achieving thick 
active layers. OLED materials, on the other hand, require disruption of π-π stacking to 
reduce the amount of aggregation-induced fluorescence quenching51 and exciplex 
formations52 except in the extreme cases of aggregation-induced emission (AIE)53 
(FIGURE 7).  Besides balancing all other parameters, the number of alkyl chains 
incorporated onto the conjugated systems also plays an important role. Too few chains can 
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lead to poor solubility and low molecular weights, while having too many alkyl chains can 
prevent close packing of the chains, prevent inter-digitation of multiple chains, and cause 
twisting of the backbone and reduced π-π stacking. Although alkyl chains reduce the 
thermal stability,54 the operating temperature of most semiconductor applications (less than 
100 °C) is not a concern for conjugated materials. 
SECTION TWO-ORGANIC LIGHT-EMITTING DIODES 
In the early 1950s, André Bernanose of Nancy-Université in France observed 
electroluminescence in various organic materials such as acridine orange and carbazole by 
dipping films of cellophane into solutions of either compound. The films were then dried 
and placed with melted paraffin wax between a plate of aluminum and mica (silicate 
minerals) and powered by applying high alternating voltages in the air to observe light 
emission55. In 1960 Martin Pope developed and described energetic requirements for hole 
and electron injection contacts known as work functions, which has become the basis for 
charge injection in modern OLEDs56, 57. Moving forward to the 1970s, Robert Partridge at 
the National Physical Laboratory in the United Kingdom observed electroluminescence 
from 2.2 μm thick polymer films of poly (N-vinylcarbazole) between two work-function 
electrodes58-61. The first practical OLED did not arrive until 1987 when Ching Tang and 
Steven Slyke at Eastman Kodak developed a three-layer architecture of separate electron 
Figure 7: Alkyl-chain dependent emission of AIE species 
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transport and hole transport layers for efficient injections. The architecture causes 
recombination to occur in the central layer and emission of light which reduces driving 
voltages from 100-30V to 6-7 volts required now62. Simple OLEDs are comprised of a 
multilayer architecture with some common materials, shown in FIGURE 8. They start with 
a glass substrate coated with indium tin oxide (ITO) as a thin film that serves as the anode 
because of ITO’s high conductivity and maintains transparency. The first layer added to 
the anode is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) 
which is a water-soluble conducting polymer that allows for hole transport into the active 
layer, also known as the hole transport layer (HTL). An emissive layer is then deposited 
via thermal evaporation or spin coating with an orthogonal solvent as to not dissolve the 
previous layer. The subsequent layer is now the electron transport layer (ETL) from 
thermal evaporation. Before the cathode is applied, a salt buffer layer (typically lithium 
fluoride, LiF) will be vapor deposited to facilitate electron injection; this layer also acts as 
Figure 8: Examples of common used materials in OLED devices 
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a buffer between the organic layers and the metal cathode. Direct contact of the cathode to 
the organic layer will cause the plasmons that form to quench excitons (excited electron-
hole pair) at the metal/organic interface and decrease OLED performance51. After 
assembly, an electric field is applied to the OLED to generate holes and electrons from 
opposite sides of the device. The holes and electrons travel through their respective layers 
until they meet in the active layer of the OLED and recombine to form an exciton. The 
excitons will then relax to the ground state by radiative decay to generate photons, which 
produces omnidirectional light or light of equal intensity from the source.   
Although the basics of OLED operation are understood, significant problems in 
OLED efficiency have prevented widespread adoption. The ideal situation would have 
100% conversion of the electricity into light emission. Unfortunately, problems with 
efficient charge carrier (holes and electrons) injection, poor hole-electron recombination, 
and non-radiative decay of excitons limit device performance. Charge carrier injections are 
dictated by the difference in energy of the Fermi level of the metal electrode and the 
difference in energy of the HOMO and LUMO of the organic materials for holes and 
electron injections, respectively. Since conjugated aromatic molecules typically have high-
lying HOMOs and LUMOs, hole transport usually is not an issue, but electron transport 
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can be handled with specific energy level alignments in the device as seen in FIGURE 9. 
Basic OLED architecture also came with the caveat that recombination can happen 
anywhere in the active layer. The HTL and ETL permit one type of charge to pass through 
but block the other. When recombination occurs at the film-layer interfaces it causes 
exciplex formation with the active layer and one (or both) of the charge transport layers 
and reduces device efficiency63.  
Reduction of exciplex formation at the interface was engineered by incorporation 
of a new active layer structure known as guest-host. A host material, a conductive polymer 
or small molecule, is doped with a “guest,” a color emitter of choice, in varying amounts 
of 0.5 to 10%. Many hosts and guests have been developed for each color and various types 
Figure 9: Band diagram for a basic OLED device 
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of OLEDs64-70. PVK shown in FIGURE 10, is one of the most popular hosts, but the field 
has begun to transition to small molecule hosts with wider bandgaps, such as mCP and 
CBP, to encompass the large bandgaps of deep-blue light-emitting materials. Hosts also 
disrupt the π-stacking of guest materials, which usually suffer from concentration 
quenching and decrease the quantum yield of the emissive layer. Operation of the OLED 
remains relatively the same: the charges are still generated at both the cathode and anode 
and undergo forced recombination in the active layer. If recombination occurs on a host 
molecule, this results in a host exciton that can then transfer the energy by Förster 
resonance energy transfer (FRET) or Dexter energy transfer (DET) to the guest molecule 
then undergo radiative decay with the color of choice depending on the molecule. The 
Figure 11: FRET AND DET processes 
Figure 10: Examples of host materials for OLEDs. 
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energy transfer mechanism does not matter as long as efficient energy transfer is occurring 
from the host to the guest. FRET is described as non-radiative energy transfer between two 
chromophores where the excited state dipole of one the species (host in this case) causes 
an induced excited state on the other molecule (or the guest molecule) via a so-called 
“virtual photon”71-73. DET occurs when an exciton of a donor molecule is physically 
transferred to the LUMO of an acceptor74-76. For each of the processes to be efficient, FRET 
requires the overlap of the donor emission (host) with the absorbance of the acceptor 
(guest), and DET requires matching energy levels of both host and guest for rapid exciton 
transfer72, 77 (FIGURE 1178). As mentioned previously, the bandgaps of the guest 
molecules must fall within the host molecules, or back transfer from guest to the host can 
occur, and this reduces efficiency, and potential host and guest emission which can alter 
the electroluminescence (EL) emission79, 80. These electronic requirements are only a few 
of the reasons that host and guest combination need to be carefully selected for high-
efficiency OLEDs. Physical requirements must also be taken into account for efficiency 
but are often sacrificed in favor of electronic energy level matching. Device fabrication 
remains relatively unchanged as solution processing requires a mixture of the guest-host 
system to be spin-coated, while thermal evaporation requires a co-evaporation of two 
different materials, often with different sublimation conditions. The problem of co-
evaporation is usually solved with multi-chamber heat sources, but the solution process 
still leaves potential weakness during the annealing step of device fabrication, which is 
required to remove the solvent but also allows for an ordering of the film state. Similarly 
to the problems of thermal evaporation, often host and guest materials have different 
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melting points, so during the heating process a separation of the materials can occur, 
resulting in failure of FRET or DET during electrical excitation and leading to poor device 
performance.  
SECTION THREE- NEW GENERATIONS OF ORGANIC LIGHT-EMITTING 
DIODES 
After materials are selected and OLED devices are made, the maximum possible 
efficiency from a traditional OLED is only 25% before factoring in light loss to wave-
guided modes of the ITO/organic layers and the substrate in which the OLED is encased, 
which is usually glass and contributes to light loss by reflection and absorption. The loss 
in efficiency is due to the fact that when electrons and holes combine there is only a 25% 
chance that the exciton will have the correct spin-orientation to be a singlet, while the other 
75% of excitons will be in the triplet state, which is a spin-forbidden transition81-83. 
Although traditional OLEDs only have 25% theoretical efficiency, these OLEDs utilize 
fluorescence as opposed to phosphorescence or delayed fluorescence which gives the 
highest color purity and best response times. Moving beyond the 25% external quantum 
efficiency (EQE) limit, numerous groups have successfully utilized triplet-triplet 
annihilation84, 85 to move up the internal EQE to 62.5%, but they have still not reached 
100% efficiency. More recently, OLEDs have moved to the use of phosphorescent organic 
light-emitting diodes (PhOLEDs), and they have become widely popular as they typically 
reach 100% EQE by using intersystem crossing (ISC). The emitters are usually molecules 
with heavy metal centers such as iridium or platinum with biphenyl and phenyl-pyridyl 
ligands that coordinate to the metal center86-88. The heavy metal centers utilize spin-orbit 
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coupling to promote intersystem crossing of the singlet excitons to the triplet state that 
radiatively relaxes via phosphorescence. PhOLEDs have conquered the 100% EQE 
threshold but at the cost of using rare and expensive heavy metals and an increased 
emission timescale from nanoseconds to microseconds, which causes a delay when the 
OLED pixel needs to turn off or on rapidly and repeatedly.  
A promising approach to overcome the high costs and also reach the 100% EQE 
goal is the process known as thermally-activated delayed fluorescence (TADF), a type of 
E-type delayed fluorescence89. TADF utilizes non-emissive triplet excitons via thermal 
fluctuations using reverse intersystem crossing (RISC), which occurs most readily when 
the energy gap between the lowest singlet (S1) and triplet (T1) states is minimal (<0.1 eV). 
Materials that utilize TADF have two characteristics— prompt fluorescence that occurs in 
typically nanosecond time scale and proposed depletion of the S1 state and a secondly 
delayed proponent at the microsecond time scale. Materials using TADF have reached 
100% internal quantum efficiency (IQE)90-92 without the use of heavy atoms, which offers 
an attractive alternative to PhOLEDs. While E-type fluorescence has been around for quite 
some time, it did not become viably used for TADF or popular until Chihaya Adachi at 
Kyushu University published a blue emitter at astounding 19% device EQEs with the 
Figure 12: Example PhOLED emitters 
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simple donor-acceptor pairing of cyano-benzene as the acceptor and carbazole as the 
donor81. Since then, there has been an explosion of various TADF emitters and hosts that 
have populated literature and garnered the attention of academia and industry alike. The 
molecules used for TADF are primarily nitrogen-containing aromatics in both amine and 
imine configurations, as these type of molecules have been shown to have intrinsically 
small ∆EST; various core groups such as diphenylsulfone93-95, triazine96, 97, acridine98, and 
tercarbazole99, 100 have shown promise as core pieces for TADF materials. 
SECTION FOUR-BENZOBISAZOLES 
 Benzobisazoles are a class of conjugated, electron deficient molecules that consist 
of a benzene ring with two fused imidazole, thiazole or oxazole units (FIGURE 14). The 
initial interest began with Osman, et al101 in the 1970s for potential use as antimicrobials 
and dyes in mass spectrometry probes. Roughly a decade later, Wolfe et al. had begun an 
investigation of benzobisazole polymers for use in high-performance materials. Wolfe 
Figure 13: Mechanism for emission in organic emitters 
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reported that these benzobisazole polymers exhibited outstanding performance marks such 
has high thermal (>300 °C), chemical, and mechanical stability102-104. The benzobisazole 
polymers also exhibited optical and electronic properties105, 106, but at the time high 
performance was highly sought after for industrial use. The United States Air Force interest 
in high-performance materials led the development of poly(p-phenylene-alt-2,6-
benzobisoxazole) (PBO), also known as Zylon®, which is a material with even higher 
thermal stability (>750 °C). The synthesis from Wolfe was from the condensation of 2,4-
diaminoresorcinol or 2,5-diaminobenezene-1,4-dithiol with 1,4-benzenedicarboxylic acid 
in poly (phosphoric acid) at temperatures of 250° C – 300 °C. These reaction conditions 
made functional groups, even alkyl chains, impossible or limited to place along the polymer 
chain as the groups would oxidize or react to cause polymer defects. The lack of functional 
and/or solubilizing groups made the polymers insoluble in everything except strongly 
acidic media such as PPA, methane-sulfonic acid (MSA), and concentrated sulfuric acid, 
Figure 14: Examples of known benzobisazole moieties 
Figure 15: Chemical structures of Zylon® and Kevlar® 
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which lead to the polymers requiring extensive rinsing cycles to remove residual acid, 
which is difficult and causes early degradation as mentioned previously. The extreme 
temperatures also make the trans-isomer, 2,5-diaminobenzene-1,4-diol (DAHQ), which is 
not usable as the material can/will oxidize to the 1,4-benzoquinone, giving poor molecular 
weights and low yields. Fortunately, in 2008, the legendary and fabled Dr. Jared Mike 
developed a mild synthesis of both the cis- and trans- benzobisoxazoles and 
benzobisthiazoles that allowed functionalization of said materials to give solubility and 
reaction temperatures of only 60 °C which then could be could be polymerized for organic 
semiconductor applications107. Former group members, Drs. Jared Mike, Jeremy Intemann, 
and Achala Bhuwalka utilized the orthoester condensation to form various polymers of 
both vinylene and single bond linkages with aromatic compounds such as alkoxybenzenes, 
dialkylfluorenes, alkyl thiophene, and bithiophenes to be used in organic photovoltaics108-
111 and OLEDs112, 113.  
 Early work from the Jeffries-EL group focused primarily on design along the 2,6 
axis (through the azole rings) while the 4,8 axis was unsubstituted. Benzobisoxazole is too 
electron deficient for direct substitution at the 4 and 8 positions (through the benzene ring), 
which required functionalization of the benzene ring before cyclization. Former group 
member Dr. Brian Tlach was able to synthesize 4,8-dichloro and 4,8-dibromo BBOs of the 
trans- isomer. The new functionality access to the 4,8-access allowed Dr. Intemann to 
synthesize ethynyl-linked benzobisoxazole co-polymers with alkoxybenzenes, 
dialkylfluorene, and alkyl 3-linked carbazole to establish a new record for BBO-based 
guest-OLEDs114, which will be further discussed in Chapter 2 of this dissertation. 
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Utilization of the 4,8-axis allowed for other substitutions such as alkyl chains or aryl groups 
that can increase solubility, increase/change absorption range, and change the interactions 
of the solid state. On the small molecule front, Dr. Brian Tlach investigated and began 
elucidating structure-property relationships based on experimental and density function 
theory (DFT) data of 4,8-diarylBBOs vs 2,6-diarylBBOs vs 2,4,6,8-tetraarylBBOs 
cruciform/small molecules, in which he observed that BBO small molecules exhibited axis-
specific optical and electronic properties depending on the substituent and location of 
connection to the BBO core115. Linear molecules exhibited higher HOMO energy levels 
with electron-donating species regardless of the axis, whereas the LUMO energy level 
remains unaffected. In the case of mixed cruciforms, placing the electron donating species 
on the 4,8 axis (thiophene and fluorene) raised the HOMO energy level with slight impacts 
on the LUMO, but maintained similar bandgaps.  
SECTION FIVE-Cross-Conjugated Cruciforms 
Although cross-conjugation design is not a new idea, cross-conjugation is rare and can be 
difficult to execute, it requires two different synthetic routes to yield several molecules and 
elucidate structure-property relations. Cross-conjugation research has primarily focused on 
well-defined small molecules since they do not have varying lengths that can affect 
electronic and optical properties in a macromolecular sense. Bunz et al. observed alteration 
of the optical and electronic properties of polymers after cross-conjugation, and they found 
that the frontier molecular orbitals changed based on substitutions as well on the particular 
axis116. Although the general trend may be real, observed changes in the properties become 
blurred as different substitutions may alter reactivity, molecular weight, solubility, and 
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film-forming properties, all of which change the electro-optical properties. The primary 
focus for cruciform design is for the specific tuning to either the HOMO or LUMO by 
separating each energy to an “arm” of the cruciform, respectively. Localizations of the 
frontier molecular orbitals allows for intramolecular charge transfer (ICT) between the 
arms, which in turn can narrow the bandgap, decrease the quantum yield, and result in loss 
of vibronic features in fluorescence and an additional low energy shoulder or peak in the 
UV-Vis absorption117. FIGURE 16 shows many examples of compounds that have been 
synthesized and investigated such as tetra-substitutedbenzenes118-121, tetra-
substitutedBBOs122-126, and tetra-substituted benzodichalcogens127, 128. The sheer volume 
of substitutions possibilities from various alkyl chains, aryl groups, functionalized aryl 
groups, and ionic species leads to a problem of too many molecules to synthesize promptly.  
SECTION SIX- RATIONAL DESIGN OF ORGANIC MOLECULES THROUGH 
COMPUTATIONAL METHODS 
Computational methods such as density functional theory (DFT) can be used to 
solve the issue of the “too many molecules too little time.” DFT predicts ground state 
electronic and optical properties for new combinations of conjugated materials or even side 
Figure 16: Examples of cruciform molecules with possible substituion patterns 
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chain substitutions on particular systems. This process usually involves a particular 
conjugated core piece which is then substituted with various aryl, alkyl, or particular 
functionalized groups (fluorinated, cyano-, nitro-, etc) to determine the HOMO, LUMO, 
bandgap, UV-vis absorption, and fluorescence. The type of organic semiconductor being 
sought, will dictate whether not the molecules should be pursued. As mentioned previously, 
materials for OPVs will require more narrow bandgap materials, and will require a slight 
offset from its acceptor materials and an appropriate offset from the respective HTL and 
ETL. OLED materials are modeled for wide bandgaps (in the case of blue). Their HOMO 
and LUMO energy levels must fall in between the HOMO and LUMO of the host materials, 
and the host material must also have a proper offset from the respective ETL and HTL to 
utilize efficient recombination. Despite these constraints and requirements, it is faster to 
model compounds with DFT than to perform the benchtop syntheses, the purification, and 
then the characterization of said compounds. Computational modeling allows for 
suggestion of an extensive number of compounds from which the chemist can select the 
conjugated materials that fit into the parameters of the particular organic semiconductor 
application they desire.  
The most common theoretical computational methods for conjugated molecules are 
DFT, time-dependent density functional theory (TD-DFT) with basis sets 6-31G*, and split 
valence polarization of hydrogen atoms (SVP). DFT is described as a semi-empirical 
method that calculates the electronic and optical properties of compounds based on electron 
density rather than electron wavefunctions in such ab-initio methods like Hartree-Fock 
(HF) or post HF- methods such as a Møller–Plesset perturbation theory (MP). Ab-initio 
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methods cost a lot in computational time as with time magnitudes of 104 for HF129 and 105 
for MP130, but DFT only scales to the 103 of molecular size. There are multiple generations 
of each DFT and HF model as well as  hybrid models, such as the most widely used, B3-
YLP in which the B3 indicates Becke’s three parameter exchange-correlation functionals 
in DFT131 and YLP indicates a correlation for density functional energy of the Colle-
Salvetti correlation-energy developed by Yang, Lee, and Parr132. Methods based on B3-
YLP functional in combination with basis sets such as 6-31G* have been shown to provide 
accurate results for conjugated systems133-135. 
When looking beyond ground state properties or geometries for conjugated 
systems, TD-DFT can be used to model the excited states of molecules at the same accuracy 
and scalability of traditional DFT136. TD-DFT is based off the Runge–Gross theorem, 
which describes that a many-body system from an initial wavefunction shows the change 
in electronic density changes in response scalar potentials such as electric fields137 that 
solves the time-dependent Kohn-Sham system138, 139. Gross et al., derived the modeling 
methods in 1995140 which have been used, altered, and extended upon today. Generally, 
singlet excited states are calculated, but triplet excited states can be calculated if the 
appropriate spin-dependent exchange-correlation kernel is applied to the calculation141; 
this has become extremely popular for phosphorescent or TADF systems. By using the 
determined oscillator strengths (probability of absorption) from the excited states, 
absorption and emission are calculated142, 143, which offers insight on how different 
substituent or substitutions affect said system.  
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When calculating for a library of molecules, especially large conjugated systems, 
the time saved in bench work adds valuable research time. As for any of the methods, 
approximation is imperfect, but the determination of trends rather than absolute values of 
the HOMO or LUMO provides valuable insight when elucidating structure-property 
relationships and the effects of particular substitution patterns.  In addition to the theoretical 
method chosen, one can choose from a variety of basis sets, the set of functions that 
represent the electronic wave functions that describe the electrons for a given system, when 
performing computational modeling. Basis sets are usually composed of atomic orbitals in 
the forms of Gaussian-type orbitals (GTOs) or Slater-type orbitals, though GTOs are more 
commonly used because they are more straightforward, less expensive, and provide 
comparable accuracy144. The most popular basis sets are smaller but more detailed due to 
the size of conjugated systems, such as basis set 6-31G*. The basis set is defined as 6 GTO 
for the atomic core orbitals, 3 GTOs to describe the first functional for valence electrons, 
and 1 diffuse GTO to describe a second functional for valence electrons; G denotes 
Gaussian type orbitals, and the * indicates that one should factor in all of the d orbitals. 
There are a variety of other basis sets in the same vein such as 3-21G*, which has a smaller 
number of core orbitals; it is used on massive systems to reduce computational time129 at 
the cost of accuracy compared to 6-31G*. Looking at a larger basis sets, such as 6-311G* 
provides only a slight increase in accuracy with an increase in computational time145. The 
uncommon basis set SVP has been used by former group member Dr. Tlach and current 
computational collaborator Aimée Tomlinson to provide accurate results115, 126, 146, 147 at 
  
25 
similar computational times as 6-31G*. SVP factors in the 2p orbitals of hydrogen when 
calculating its polarization, leading to more accurate results in some cases148.   
Incorporation of all these computational methods has led to the computational 
analysis equivalent of flow chemistry/high throughput chemistry known as high throughput 
virtual screening (HTVS). Computational methods alone cannot solve the problems of 
determining which materials are suitable for a specific semiconductor application. Even if 
energy levels match or fit into the desired parameters, interactions in the solid state or with 
the specific host or acceptor material can alter the desired outcome in a way that is too 
large to calculate, and it is possible for the calculations to simply be incorrect. However, a 
collaboration of a computational approach with experimental efforts provides a pathway 
for determining new molecular combinations and ideas. Virtual screening has been used 
since the 1970s with an emphasis in drug discovery149-151, but it fell somewhat short 
compared to the speed of high throughput flow chemistry. Gaining orders of magnitude in 
raw computational power since the 1970s and significantly more efficient computational 
methods have allowed HTVS to take off in industry and academia. In 2016, Aspuru-Guzik 
et al. and other members at Harvard designed in-house software algorithms that utilized 
the RDKit (cheminformatics at the website http://www.rdkit.org) to develop a library of 
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more than 1.6 million compounds to be used in OLEDs152. The unique feature is that this 
software allows for machine learning with experimental data to further refine results and 
make more accurate predictions. This lead to the development of devices with 22% EQE. 
Aspuru-Guzik in association with the Harvard Clean energy project also examined 2.3 
motifs for high-efficiency OPVs153. As computational power and methods continue to grow 
and become more efficient, the synthesis will become more focus driven to give more 
decisive results, which, in turn, will be fed back to the computational libraries for 
predictions to become more accurate.  
SECTION SEVEN-DEEP-BLUE ORGANIC LIGHT-EMITTING DIODES  
As OLEDs become more popular, and as production costs keep dropping, a massive 
roadblock into the widespread adoption of OLEDs is the efficiency of deep-blue emitters. 
A typical OLED display (also liquid crystal displays) requires red, green, and blue (RGB) 
emitters to produce the entire spectrum to make an image, with deep-blue (<430 nm) and 
orange (590-620 nm) emitters used to produce white light.  Fortunately, green and red 
emitters154-156 have been well-established with high efficiencies and long operational 
lifetimes (the number of hours until brightness is reduced by 50%) due to their low driving 
voltage requirements. Blue emitters, on the other hand, suffer from low operational 
Figure 17: Process of high throughput virtual screening151 
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lifetimes due to high driving voltages needed to obtain electroluminescence at high 
brightness and, therefore, low luminous efficiency. Because the human eye has reduced 
sensitivity to blue light157, blue OLEDs have to produce more light to give the same 
apparent brightness as 550 nm (yellow-green). This is achieved by further increasing the 
driving voltages of the materials, which can lead to material degradation and shorter 
operational lifetimes.  The intrinsic flaw for deep-blue emitters requires extremely high 
EQEs to be used in commercial applications, which is very difficult and still being pursued 
today. Research into blue materials becomes exceptionally challenging, as it requires 
designing donor-acceptor conjugated molecules with twisting along the backbone that are 
oxidatively and electrochemically stable to driving voltages over 10 volts. Some success 
has been found with the utilization of PhOLEDs and TADF emitters that can generate 
100% IQE and reach blue efficiencies of over 20% EQE and pushing off the problem 
towards engineers to maximize light outcoupling of OLEDs. 
SECTION EIGHT- CONCLUSIONS 
 In summation, organic semiconductors have shown potential for replacements for 
their inorganic counterparts, but research is still required to improve efficiencies both 
synthetically and device-wise.  
• Organic Semiconductors 
o Organic semiconductors offer unique properties such as flexibility and low-
cost fabrication through inkjet printing and spin coating. 
o Bandgap is tunable through quinoid versus aromatic management and 
donor-acceptor couplings 
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o HOMO energy level is determined by the donor moiety  
o LUMO energy level is determined by the acceptor moiety 
• Organic Light-Emitting Diodes 
o OLEDs use host-guest architecture to allow for more effective conjugation. 
o Red, green, and blue emitters are required for displays. 
o Deep-blue and orange emitters can be used for general lighting. 
o Fluorescent OLEDs have the highest color purity and best response but have 
25% maximum EQE. 
o Phosphorescent OLEDs can reach 100% IQE with ISC and have reached 
over 20% EQE at the cost of color purity and response time (microseconds), 
and require the use of expensive heavy metals such as iridium and platinum. 
o TADF OLEDs can also reach 100% EQE by utilizing molecules with 
nitrogen heterocycles with RISC.  
• Benzobisazoles 
o These are high-performance materials due to high thermal and oxidative 
stability. 
o Development of mild syntheses by the Jeffries-EL group allows for a variety 
of different substituents.  
o Conjugation through the 2,6 and the 4,8 axes provide numerous 
opportunities for the study of different substitution effects. 
• Cross-Conjugated Cruciforms 
o It is possible to elucidate structure-property relationships of these structures. 
  
29 
o Localization of the frontier molecular orbitals allows for separate tuning for 
the HOMO and LUMO. 
• Rational Design of Organic Molecules Through Computational Methods 
o A variety of methods such as DFT and TD-DFT can be used to establish 
trends among a series of molecules in the determination of structure-
property relationships.  
o Computation yields prediction of molecular properties to be used in specific 
applications. 
o High-throughput virtual screening to be used to generate massive libraries 
of compounds that can be improved upon with experimental data to become 
more efficient as determining high-efficiency materials. 
• Deep-Blue Organic Light-Emitting Diodes 
o Blue OLEDs are required to have extremely high EQEs to have the same 
apparent brightness as green OLEDs. 
o Design and synthesis of effective of deep-blue materials that are also stable 
to high driving voltages are challenging. 
CHAPTER TWO: BENZOBISOXAZOLE-BASED POLYMERS FOR DEEP-
BLUE ORGANIC LIGHT-EMITTING DIODES 
 SECTION 1: ABSTRACT 
Two new conjugated polymers were synthesized featuring fluorene and carbazole 
donor moieties with a dialkyl-benzobisoxazole as the electron-deficient acceptor moiety to 
be utilized in OLEDs. The polymers had emissions of 450 nm and 460 nm respectively, a 
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hypsochromic shift compared to its alkynl counterparts, as well as brightness levels of over 
1000 Cd/m2 and doping weights of over 1%, which previous benzobisoxazole polymers 
have suffered from in the past. Despite the marked improvement in color tuning and guest 
concentration, the polymers still suffered from aggregation and a lack of device 
optimization left efficiencies well under 1% external quantum efficiency and luminous 
efficiency at 0.5 Cd/A. The versatility of linkage and donor substitution show the potential 
of benzobisoxazole-based polymers for use in deep-blue OLED production. 
SECTION TWO: INTRODUCTION 
The past 40 years saw significant progress and long-term interest in the 
development of optoelectronic applications based on organic materials. Conjugated 
polymers offer the advantages of lightness and flexibility as well as high-throughput 
processing methodologies, such as spin coating and inkjet printing, that make them low-
cost alternatives to their inorganic counterparts. Although there are various conjugated 
polymers, polycarbazoles (PCz) and poly(9,9-dialkylfluorene)s (PDAF)s are some of the 
most frequently studied for OLED applications due to their known high quantum yields158-
161, stability, and the ability to bond a wide variety of functional groups to the 9’ position 
of both molecules. Fluorene and carbazole polymers have the ability to produce deep 
blue162, 163 (450 nm or lower) light which is crucial for displays and general lighting, as red, 
green, and blue OLEDs are required to produce the whole spectrum of colors. Typically, 
most homo-polymers suffer from imbalances in hole and electron mobilities, which tend 
to result in poor quantum efficiencies and hurt device performance.  
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New design strategies have been developed such as using donor-acceptor (D-A) 
copolymers to combat the problem of poor performance. This can increase electron affinity 
and mobilities in the active layer164. Other strategies also include using vinyl-165 or ethynyl-
166 linkages, but extending conjugation has been shown to redshift and broaden the 
emission away from the deep-blue color space. Increasing electron affinities by using 
acceptors is usually done by incorporation of heteroatoms such as oxygen, nitrogen, or 
sulfur, as they have higher electronegativities than carbon but can cause a bathochromic 
shift when in conjugation. A balancing act of stability, color tuning, and electronic 
properties must be taken into consideration when designing materials for deep-blue, which 
increases the difficulty compared to green and red emitters.  
Benzobisoxazole is a promising material to fulfill the requirements as the acceptor 
material for fluorene and carbazole materials due to the molecule’s excellent 
mechanical/thermal stability102, 103, high electron affinity, efficient electron transport, and 
previous use in OLED materials from the Jeffries-EL group. Initially, benzobisoxazole 
polymers required extreme conditions of using 300 °C temperatures and required use of 
polyphosphoric acid or sulfuric acid to process the polymers. Work from the Jeffries-EL 
group established milder reactions for acid chlorides by using polyphosphoric acid 
trimethylsilyl ester (PPSE) as a more efficient dehydrating agent that reduced temperatures 
to 90 °C and dropping acid chlorides/carboxylic acids by using ortho-esters to functionalize 
the benzobisoxazole core107. 
Previous work79, 112, 114 from the Jeffries-EL group synthesized a variety of 
fluorene-BBO and carbazole-BBO molecules using vinyl- linkages and ethynyl- linkages, 
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but the extended conjugation gave emissions from 460 nm to 550 nm or sky-blue to green 
colors. The polymers that were able to reach deep-blue at 450 nm were done at extremely 
low weight percentages (0.5-1.0) and giving low brightness (<250 nm). Two new 
fluorene/carbazole-BBO based polymers with single-bond linkages were synthesized, 
characterized, and made into OLED devices. As a result, OLEDs with deep-blue 
electroluminescence (450 nm) that produced useful brightnesses over 1000 Cd/A were 
obtained.  
SECTION THREE: RESULTS AND DISCUSSION 
Synthesis and Characterization 
The synthesis route for the two 4,8-linked benzobisoxazole polymers is shown in 
SCHEME 1. The dialkyl fluorene boronic ester monomer was synthesized according to 
literature167, obtaining decent yields, and with modified procedures to incorporate octyl 
chains instead of hexyl to increase the solubility of the BBO polymers. Synthesis of the 
difficult 2,7-variant of carbazole was carried out from modified literature procedures168-171. 
The difficulty of the 2,7-substituted variant arises from the need to start from 4,4'-dibromo-
1,1'-biphenyl in order to have a substitution at the 2,7 positions of carbazole, because 
starting at standard unsubstituted 9H-carbazole with cause functionalization to occur at the 
3,6- positions due to the stronger donating effect of the amine versus the phenyl unit. The 
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benzobisoxazole monomer piece was prepared by a standard condensation of 3,6-diamino-
2,5-dibromohydroquinone with heptanoyl chloride to give (X) in good yield (62%). After 
synthesis of the monomers, Suzuki cross-coupling reactions were performed to form the 
polymers DOF-BBO and CBZ-BBO with moderate yields of 67% and 46%, respectively. 
Purification of the polymers began with a work up to remove the aqueous impurities 
followed by precipitation of methanol, then the polymers were filtered into a thimble to 
undergo Soxhlet extraction to remove low molecular weight material. Following Soxhlet 
extraction, the polymers were concentrated and passed through a short silica gel column to 
remove any residual salts and catalyst. The polymers were precipitated in -78 °C methanol 
and thoroughly dried in a vacuum oven for at least 24 hours. Benzobisoxazole polymers 
exhibited good solubility in chlorinated solvents and were characterized by 1H NMR 
Figure 18: BBO-based polymers DOF-BBO and CBZ-BBO 
Scheme 1 Synthesis route from Br-DAHQ to polymers via acid chloride condensation and Suzuki 
cross-coupling 
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spectroscopy (@ 50 °C) and gel permeation chromatography (GPC, chloroform) to confirm 
the structure and molecular weights of the polymers. Summary of the molecular weight 
data is shown in TABLE 1, in which the DOF-BBO polymer had a higher molecular 
weight (38 kDa vs. 26 kDa) compared to CBZ-BBO. The increase in solubility stems from 
the additional alkyl chain at the 9’ position (sp3 hybridized) of fluorene, which allows for 
higher molecular weight as the chain is still soluble.  Thermal analysis of the polymers was  
 
Polymer Mna Mwa DPn PDI Tdb  
DOF-BBO 24 38.6 33 1.6 378 
CBZ-BBO 14.7 26.8 24 1.8 380 
Table 1:  Physical polymer data for DOF-BBO and CBZ-BBO aDetermined by GPC in CHCl3, with calibration 
by polystyrene standards in kDa. b5% weight loss temperature by TGA under a nitrogen atmosphere at 10 °C 
per minute. 
conducted using differential scanning calorimetry (DSC) and thermal gravimetric analysis 
(TGA) under nitrogen. The DSC readings did not show any defining features in the 
observed ranged (-30-300 °C). The decomposition temperatures, 378 °C and 380 °C, for 
DOF-BBO and CBZ-BBO, respectively, show strong thermal stability, well outside 
operating temperatures for typical devices (10-45 °C).  
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Optical and Electrochemical Properties 
Photophysical and electrochemical properties were measured for each polymer for both 
solution and film states, and the data is summarized in TABLE 2. The molar absorbances 
and normalized photoluminescence for the solution state are shown in FIGURE 19 
Previously, the Jeffries-EL group had proven that the alkyl chain length has little to no 
impact on optical properties112-114, except when switching to different substituents114 and 
Table 2: Photophysical properties of the BBO polymers in the solution and film state aSolution characterization 
performed in CHCl3 at 1x10-6 M. bPolymers were spun from a concentration at either 5-10 mg/mL on to glass 
slides. cvalue obtained absorption onset of the film state. dElectrochemical obtained from cyclic voltammetry in 
acetonitrile as the solvent and TBAHFP as the electrolyte. 
 aSOLUTION bFILM 
Polym
er 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  
(nm) 
𝜆𝑚𝑎𝑥
𝐸𝑀
(nm) 
ε 
 (M-1 cm-1) 
Φ τavg (ns) 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 (𝑛𝑚) 𝜆𝑚𝑎𝑥
𝐸𝑀 (𝑛𝑚) cEgopt(eV) 
dEgEC(e
V) 
DOF-
BBO 
409 441 70000 68 0.41 424 487 2.76 2.3 
CBZ-
BBO 
410 447 96000 69 0.41 451 503 2.70 2.1 
Figure 19: Solution UV-Vis and Photoluminescence of polymers DOF-BBO (black) and CBZ-BBO (red) in 1x10-
6 M chloroform solutions 
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in the film state. Both polymers exhibited nearly identical properties with the solution and 
photoluminescence being only a difference of 1 nm and the PL emission a difference of 6 
nm; both polymers are blue-emissive. Quantum yields of both samples were at a sufficient 
68% and exhibited low fluorescent lifetimes at 0.41 ns. The polymers’ UV-Vis readings 
were taken at equimolar concentrations, which showed CBZ-BBO having a stronger ε than 
the DOF-BBO polymer, most likely due to the more electron-rich aromatic amine of 
carbazole. The 2,7- linkage gives carbazole the same conjugation pathway as fluorene, but 
the increased density from the amine allows for carbazole to have a stronger ICT state and 
increased absorption at the cost of color and reduced electrochemical bandgap. Solution 
UV-Vis and photoluminescence for both polymers were virtually identical, with the 
primary absorption band having similar transitions. In the thin films absorptions, DOF-
BBO exhibited a bathochromic shift from 409 nm to 424 nm, while CBZ-BBO also 
exhibited a redshift from 410 to 451 nm. Photoluminescence of thin films compared to the 
solution went from blue to a sky-blue to blue/green color or 441/447 nm to 487/503 nm for 
DOF-BBO and CBZ-BBO, respectively, as a consequence of aggregation of the polymer 
films leading to exciplex formation in the film. Unlike the solution state, the polymers 
exhibited different absorption and photoluminescence band shapes. Not only are the films 
aggregating, but the lack of a second alkyl chain on the carbazole may be causing the more 
severe aggregation leading to a stronger bathochromic shift.  
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Oxidation and reduction potentials were measured by cyclic voltammetry with reference 
to Fc/Fc+ (ferrocene) to give the HOMO values of -5.8 and -5.6 for DOF-BBO and CBZ-
BBO, respectively. Both polymers exhibited measurable and reproducible processes, but 
reductions only lasted about three to five cycles before deterioration. The ionization 
potentials of DOF-BBO and CBZ-BBO were measured by ultraviolet photoelectron 
spectroscopy (UPS) to obtain a more accurate HOMO value. CBZ-BBO was slightly more 
electron deficient than DOF-BBO (2.85 vs. 2.77, respectively), which is in part to due to 
the influence of the more electronegative nitrogen atom near the conjugation path.  
Organic Light Emitting Diodes 
The electroluminescence of the polymers was evaluated in OLEDs alone and as host-guest 
devices. Unfortunately, the neat film devices had poor performance and extremely dim to 
no brightness: CBZ-BBO only produced a brightness of 38 Cd/m2 and the DOF-BBO neat 
device was too dim to collect a viable reading. Both polymers were under the required 
minimum brightness of 100 Cd/m2 to be useful due to concentration quenching of the neat 
material. Host-guest devices were made with the following device configuration: 
ITO/PEDOT: PSS/GUEST: CBP(Host)/BPhen (40 nm)/LiF(1 nm)/Al(100 nm) (depicted 
Table 3: a Ionization potential determined by ultraviolet photoelectron spectroscopy. b Electron affinity 
calculated from the optical bandgap: EA=IP - EgOpt. 
 
                                               FILM 
Polymer HOMO LUMO EgEC  Egopt aIP (eV) bEA (eV) 
DOF-
BBO 
-5.8 -3.5   2.3    2.76 5.53 2.77 
CBZ-BBO -5.6 -3.5   2.1    2.70 5.55 2.85 
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in FIGURE 20), yielding the results in TABLE 04. This device architecture is the standard 
that has been used for benzobisoxazole based- polymers in the past113, 114, in which 
PEDOT:PSS is used as the hole transport layer, and 4,4'-di(9H-carbazol-9-yl)-1,1'-
biphenyl (CBP) is used as the host material over Poly(9-vinylcarbazole) (PVK) due to the 
deeper HOMO (-6.0 eV to -5.8 eV) to encompass the energy levels of the guest dopants. 
4,7-diphenyl-1,10-phenanthroline (Bphen) was used as the electron transporting layer/hole 
blocking layer, and lithium fluoride was deposited as the buffer layer between the 
aluminum/organic interface to reduce the electron injection barrier for the device172, 173. 
The polymers were used as dopants at weight percentages of 1,2, and 5% for DOF-BBO, 
and CBZ-BBO was able to reach 10%, which exceeds the doping capacity of the related 
ethynyl-linked BBO polymers114 of only 4%. The best device performances are shown in 
TABLE 04. The best performing DOF-BBO device was at 1% weight doping to reach a 
deep-blue color of 450 nm and reaching up to 1100 Cd/m2 brightness, surpassing the 1000 
Cd/m2 threshold for good brightness in real-world applications. CBZ-BBO was a bit 
Figure 20: Device architecture for the OLEDs 
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brighter at 1280 Cd/m2, at the cost of a 10 nm red shift for an emission color of 460 nm. In 
both cases, efficient FRET occurred between the host and the guests (  
 
FIGURE 21). The electroluminescence plots of both polymers show that host emission 
decrease as the weight percentage of the guest increases in the device. As guest 
concentration increases, the electroluminescence of the OLED begins to widen slightly, 
suggesting the guests maybe aggregating in the active layer. Although deep-blue emission 
was achieved, both OLEDs had abysmal device performance of 0.1% and 0.07% EQE for 
DOF-BBO and CBZ-BBO, respectively, most likely due to the aggregation of the films. 
Their short PL lifetimes indicate that the vibrational energy loss for the polymers may also 
be relatively high. 
 
Molecule Emission (nm) Brightness 
(Cd/m2) 
Max Lum. 
Eff (Cd/A) 
% Weight EQE (%) 
DOF-BBO 450 1100 0.5 1 0.1 
CBZ-BBO 460 1280 0.5 5 0.07 
CBZ-NEAT 470 38 0.013 - - 
DOF-NEAT Too dim - - - - 
Table 4: Peak  device data of the best-performing OLEDs for DOF-BBO and CBZ-BBO 
Figure 21: Normalized electroluminescence plots for DOF-BBO (left) and CBZ-BBO (right) 
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SECTION FOUR: Conclusion 
In conclusion, two new benzobisoxazole-based polymers containing pDAF and 
2,7-link carbazole were synthesized in moderate yields and characterized by incorporation 
into OLEDs. The polymer materials were analogous to ethynyl-linked polymers and were 
attempts at achieving a deeper-blue emission and higher efficiency. The polymers yielded 
sufficient brightness (>1000 Cd/m2) and a deep-blue emission of 450 nm but still suffered 
from the same problems of aggregation and exciplex formation in the film state, reducing 
the overall efficiency. Switching synthetic pathways to make single-bond linked polymers 
was the right direction for achieving deep-blue, and this choice also provides new data and 
design ideas to increase the efficiency of BBO-based polymers for OLEDs further. 
SECTION FIVE: Experimental Methods 
Materials, Measurements, and Synthesis 
Br-DAHQ (1)174, polyphosphoric acid, silyl ester (PPSE)175, were synthesized according 
to literature procedures. THF and toluene were dried using an Innovative Technologies 
solvent purification system. All other chemical reagents were purchased from commercial 
sources and used without further purification unless otherwise noted.  
Instrumentation 
Nuclear magnetic resonance (NMR) experiments were carried out in CDCl3 at 400, 
500, and 600 MHz (1H). In all spectra, chemical shifts are given in δ relative to the 
internal deuterated solvent or tetramethylsilane. Coupling constants are reported in 
hertz (Hz). High-resolution mass spectra were recorded on a double-focusing 
magnetic sector mass spectrometer using ESI. Melting points were obtained on a 
melting point apparatus with 300 °C upper limit and are uncorrected. The 
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electrochemical data of the benzobisoxazoles polymers were collected using a 
platinum working electrode, 0.1 M Bu4NPF6 in acetonitrile as the electrolyte, 
platinum wire for the auxiliary electrode, an Ag/Ag+ reference electrode under an 
argon atmosphere, and all recorded on an eDAQ e-corder 410. All solution UV-Vis 
and fluorescence spectra were obtained using 1x10-6 M CHCl3 solutions in 10 mm 
pathlength quartz cells unless otherwise noted. Film UV-Vis spectra were obtained 
from spin-coated films of each molecule on 25-mm glass slides from solution 
concentrations of 5-10 mg/mL. The glass slides were first cleaned by 30-minute 
sonications in distilled water, acetone, and finally isopropanol. UV-Vis spectra were 
collected on a Shimadzu UV-1800 UV spectrophotometer. Photoluminescence 
spectra were obtained on a Varian Cary Eclipse spectrophotometer. Absolute 
solution fluorescence quantum yields were obtained using a HORIBA 
spectrophotometer Nanolog FL3-2iHR equipped with a Quanta-phi integrating 
sphere. Fluorescence lifetimes were carried out on a Life spec II spectrophotometer 
from Edinburgh Instruments, equipped with a 405 nm picosecond pulsed diode laser 
with horizontal polarization. 
UPS process and characterization 
Ultraviolet photoelectron spectroscopy (UPS) was used to acquire the ionization potentials 
to approximate the HOMO values for each small molecule. All substrates (positively-
doped silicon; 10 x 10 mm2) had 40 nm of silver deposited via thermal evaporation. 
Samples were prepared by dissolution in chloroform at concentrations of 5 and 2.5 mg/mL 
and stirred for a minimum of 4 hours. Each sample was first filtered to remove potential 
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aggregates and sequentially spin-coated under a nitrogen atmosphere at 2000 and 4000 rpm 
(2.5 mg/mL was only spun at 4000 rpm). Spectra were then acquired under ultra-high 
vacuum. The presented HOMO energies and corresponding standard deviations are 
determined by using all values obtained at random positions. 
Synthesis 
 
4,8-dibromo-2,6-dihexylbenzo[1,2-d:4,5-d']bis(oxazole) 
In a dried 250 mL round-bottomed flask (RBF), a freshly prepared solution of poly-
phosphosilylether (PPSE) (8.24g in 35 mL of o-DCB) and 1 was degassed for 20 minutes. 
1-heptanoyl chloride (3.95 mL, 25 mmol) was added, and the solution was heated to 90 °C 
for 96 days under argon. The solution was poured into methanol and placed into a freezer 
at -40 °C to encourage maximum precipitation. The precipitate was filtered and then 
recrystallized from hexanes with a hot filter from activated charcoal. The resulting product 
was a fluffy, cotton-like, white needles (3.07 grams, 62% yield). M.P. 108-110 °C, 1H 
NMR (600 MHz, CDCl3) δ 3.01 (4H, m), 1.93 (4H, m), 1.45 (4H, t, J=6), 1.35 (8H, m), 
0.90 (6H, m). 
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4,4'-dibromo-2-nitro-1,1'-biphenyl 
In a 500 mL RBF, 4,4'-dibromo-1,1'-biphenyl (10.0 grams, 32.04 mmol) was added, 
followed by glacial acetic acid (120 mL) and allowed to stir rapidly. The mixture 
was heated to 100 °C, and 90% fuming nitric acid (47 mL) was added dropwise and stirred 
for 30 minutes. The reaction was then cooled down to room temperature, during which a 
yellow precipitate formed and was filtered on a glass-fritted funnel. The precipitate was 
washed with copious amounts of water and recrystallized from ethanol to yield a light 
yellow solid (64%) (still slightly impure but moved on anyway) 1H NMR (600 MHz, 
CDCl3) δ 8.03 (1H, s), 7.76 (1H, dd, J=6,12), 7.56 (2H, d, J=12), 7.30 (1H, m), 7.16 (2H, 
m). 
 
2,7-dibromo-9H-carbazole 
In a dried RBF, 4,4'-dibromo-2-nitro-1,1'-biphenyl (2.00 g, 5.6 mmol) and 
triphenylphosphine (6.67 g, 14.0 mmol) were dissolved in o-DCB (12 mL). The 
solution was refluxed for 18 hours and yielded a dark brown/black liquid. The o-
DCB was removed via vacuum distillation, and the resulting crude product was 
dissolved in chloroform and dried to silica gel. The mixture was purified via silica 
gel column chromatography (3:1 hexanes: dichloromethane) to yield off white, 
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reflective flakes (1.18 grams, 65% yield) %).  1H NMR (600 MHz, CDCl3) δ 8.04 (1H, 
bs), 7.88 (2H, d, J=12), 7.58 (2H, s), 7.36 (2H, d, J=12). 
 
2,7-dibromo-9-octyl-9H-carbazole 
In a RBF, charged with 2,7-dibromo-9H-carbazole (2.45 g, 7.54 mmol), DMSO (16 
mL) and 1-bromooctane (1.95 mL, 11.3 mL) were added. 50% NaOH solution (16 
mL) was added, and the reaction mixture was allowed to stir for 4 hours. Ether and 
DI water were added to the mixture, forming two layers. The organic and aqueous 
layers were separated, and the aqueous layer was washed three times with ether. The 
combined organic layers were washed with 1M HCl, DI water, brine then dried with 
sodium sulfate. The solvent was removed in vacuo resulting in oil. The crude 
mixture was purified by silica gel column chromatography with hexanes as the 
mobile phase. The purified product was precipitated in -78 °C pentanes to yield a 
fine white powder (1.81 grams, 56% yield). %).  1H NMR (600 MHz, CDCl3)  δ 7.86 
(2H, d, J=12), 7.52 (2H, d, J=6), 7.33 (2H, dd, J=6,12), 4.15 (2H, t, J=6,12), 1.82 (2H, m), 
1.35 (4H, m), 1.28 (6H, m), 0.89 (3H, m). 
 
9-octyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 
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In a dried RBF, a solution of 2,7-dibromo-9-octyl-9H-carbazole (1.3 g, 3.0 mmol) in dry 
THF (70 mL) was cooled down to -78 °C. Then, n-BuLi (2.65 mL, 6.6 mmol, 2.5 M) 
was added dropwise, and the solution was allowed to stir for two hours. The reaction 
was quenched with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.48 
mL, 7.2 mmol) and allowed to warm to room temperature overnight. DI water was 
added, and the mixture was allowed to stir for 30 minutes. The aqueous solution was 
washed with ether three times. The combined organic layers were washed with 1M 
HCl, DI water, brine, and dried on sodium sulfate. After drying, the crude was 
purified by recrystallization from methanol/acetone (10:1) to yield a white powder 
(43%). 1H NMR (600 MHz, CDCl3)  δ 8.12 (2H, d, J=12), 7.88 (2H, s), 7.68 (2H, d, J=6), 
4.38 (2H, t, J=12), 1.89 (2H, m), 1.43 (2H, m), 1.40 (24H, s), 1.35 (2H, m), 1.26 (8H, m), 
0.87 (3H, m). 
 
2,7-dibromo-9H-fluorene 
In a RBF, fluorene (10.0 g, 60 mmol), 2,6-di-tert-butyl-4-methylphenol (0.120 g, 0.05 
mmol), and iron (III) chloride (0.34 g, 1.26 mmol) were added to chloroform (110 mL) and 
rapidly stirred for 15 minutes. The solution was chilled to 0 °C via ice bath, and bromine 
(6.4 mL, 120 mmol) was added dropwise over 10 minutes. The reaction mixture was 
allowed to warm to room temperature and stirred for 24 hours. Saturated sodium sulfite 
was added to quench the reaction until the red color disappeared (assumed bromine was 
consumed). The layers were separated, and the aqueous layer was washed with chloroform 
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(20 mL x 3). The combined organic layers were washed with DI water brine, then dried 
with sodium sulfate. After concentration, the crude powder was recrystallized from 
heptanes to yield a white powder (82%).  1H NMR (600 MHz, CDCl3), δ, 7.64 (2H, s), 7.57 
(2H, s, J=12), 7.49 (2H, d, J=12), 3.83 (2H, s). 
 
2,7-dibromo-9,9-dioctyl-9H-fluorene 
In a two neck RBF, with a stir bar and addition funnel was charged with 2,7-dibromo-9H-
fluorene (5.00 g, 15.43 mmol), potassium iodide (KI, 256 mg, 1.543 mmol) and DMF 
(mL). The reaction was cooled to 0 °C via ice bath, and KOH (10 g, 178.24 mmol) was 
added to the mixture. The solution stirred for 10 minutes then 1-bromooctane (5.39 mL, 
31.2 mmol) was added dropwise over 20 minutes. After addition of the bromoalkane, the 
solution was warmed to room temperature and stirred for 18 hours. The solution was 
poured into (5-10x the volume of DMF) DI water (is possible to precipitate the product 
with enough water and filter a majority of the product) and extracted with chloroform (100 
mL x 3). The combined organic layers were washed with 1M HCl (100 mL x 2) and brine 
and dried over sodium sulfate. The crude product was filtered and concentrated by rotary 
evaporation to yield an oil (is possible to get an orange/yellow solid if you distill the excess 
bromoalkane) and was purified by silica gel column chromatography with hexanes as the 
eluent. The slightly yellow resulting oil was then purified further by a basic alumina 
column to yield a colorless oil that will crystallize under vacuum to yield a white powder 
(69%), 1H NMR (600 MHz, CDCl3), δ, 7.51 (2H, d, J=6), 7.45 (4H, d, J= 12 Hz), 1.91 (4H, 
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m), 1.22 (4H, q, J= 12 Hz), 1.14 (4H, m), 1.10 (4H, m), 1.05 (8H, bs), 0.83 (6H, t, J= 6 
Hz), 0.58 (4H, t, J= 6, 12 Hz). 
 
2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl) bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 
In a dried RBF, 2,7-dibromo-9,9-dioctyl-9H-fluorene (5.13 g, 9.35 mmol) was dissolved 
in THF (125 mL) and chilled to -78 °C.  After chilling, n-BuLi (15.3 mL, 38 mmol) was 
added dropwise over 15 minutes and the reaction was stirred for one hour. 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10.3 mL, 50.49 mmol) was added over 5 
minutes, warmed to room temperature, and stirred overnight. Water was added to 
the reaction and allowed to stir for 15 minutes followed by extraction of the aqueous 
layer with ether. The combined organic layers were washed with water and brine 
and then dried over sodium sulfate. The mixture was filtered then concentrated to 
yield a viscous oil that was recrystallized from acetone to yield a white powder (4.41 
g, 73%)  1H NMR (600 MHz, CDCl3), δ, 7.80 (2H, d, J=6), 7.74 (2H, s), 7.72 (2H, d, J=6), 
2.00 (4H, m), 1.39 (24H, s), 1.19 (4H, m), 1.10 (4H, m), 1.06 (4H,m), 1.01 (8H, s), 0.81 
(6H, J=6), 0.55 (4H, bs). 
General Polymer Synthesis of DOF-BBO and Carb-BBO  
A 100 ml three-neck round bottom flask was used to place the corresponding alkyl fluorene 
boronic ester or alkyl carbazole boronic ester monomers (0.25 mmol), 4,8-dibromo-2,6-
dihexylbenzo[1,2-d:4,5-d']bis(oxazole) (0.25 mmol), and two drops of Aliquat 336. The 
flask was equipped with a reflux condenser and placed under argon atmosphere along with 
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the addition of 10 mL of toluene and 5 mL of 2M Na2CO3(aq). The reaction mixture was 
deoxygenated for 20 minutes, 8.5 mg (0.0125 mmol) PEPPSI-iPr™ was added, and the 
mixture further deoxygenated for five minutes. The reaction mixture was then heated to 
reflux under argon with vigorous stirring for five days then end-capped sequentially with 
a 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-Dioxaborolane (8 h) and iodobenzene (12 h). The 
reaction mixture was allowed to cool to room temperature, diluted with water and toluene, 
and the layers were separated. The organic layer was washed with 1M HCl, water, and 
brine and dried over Na2SO4. The crude mixture was filtered, concentrated, and dissolved 
in a minimal amount of CHCl3. The polymer solution was precipitated into 300 mL of 
methanol and filtered through a cellulose extraction thimble. The extraction thimble was 
placed in a Soxhlet extractor and washed with methanol (24 h), acetone (24 h), and finally, 
the polymer extracted with CHCl3 (2 h). The chloroform extract was concentrated and 
passed through a short silica gel column with CHCl3 as the eluent. The solution was 
concentrated once more and dissolved with ~2 mL of CHCl3 and re-precipitated into 300 
mL methanol. Finally, the precipitate was filtered, rinsed with methanol, and resulting solid 
dried in the vacuum oven overnight at 50 °C to yield the respective polymer solids. 
Poly[4,8-(9,9-dioctyl-9H-fluoren-2-yl)-2,6-dihexylbenzo[1,2-d:4,5-d']bis(oxazole)]  
DOF-BBO was synthesized from 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl) bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) and 4,8-dibromo-2,6-dihexylbenzo[1,2-d:4,5-
d']bis(oxazole)  to yield a yellow solid (119 mg, 67%): 1H NMR (500 MHz, CDCl3) δ 8.37 
(4H, m), 8.00 (2H, J = 5 Hz, d), 3.09 (4H, J = 5 Hz, d), 2.05 (4H, m), 1.57 (4H, m), 1.43 
(9H, m), 1.16 (24H, m), 0.96 (6H, J = 5, 10 Hz, t), 0.79 (6H, J = 5, 10 Hz, t). 
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Poly[2,6-dihexyl-4,8-(9-octyl-9H-carbazol-2-yl)benzo[1,2-d:4,5-d']bis(oxazole)] 
CBZ-BBO was synthesized from 9-octyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole and 4,8-dibromo-2,6-dihexylbenzo[1,2-d:4,5-
d']bis(oxazole) to yield a brown-yellow solid (70 mg, 46%): 1H NMR (500 MHz, CDCl3) 
δ 8.52 (2H, s), 8.37 (2H, J = 5 Hz, d), 8.25 (2H, J = 5 Hz, d), 4.57 (2H, s), 3.12 (4H bs), 
2.07 (4H, m), 1.58 (6H, m), 1.42 (9H, m), 1.32 (3H, J = 5 Hz, t), 1.25 (6H, m), 0.95 (6H, 
J = 5, 10 Hz, t), 0.84 (3H, m). 
OLED Fabrication and Characterization 
OLEDs were fabricated on nominally 10-20 ohms/sq, 120-160 nm thick ITO-coated glass 
substrates (Colorado Concept Coatings). The substrates were first cleaned with a detergent 
and organic solvents and then treated in a UV/ozone oven to increase the work function of 
the ITO and facilitate hole injection, as described elsewhere. A 60 nm poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) layer was spin-coated onto 
the ITO and then baked in air at 120 °C for 1 h and next in an argon-filled glove box at 120 
°C for another 30 min. Blends of 4,4’-bis(9-carbazolyl)-biphenyl (CBP) and 1, 2, 5 and, 10 
wt. % of polymers DOF-BBO and CBZ-BBO in chlorobenzene solutions were spin-coated 
on top of the PEDOT: PSS layer in the argon-filled glove box. The combined concentration 
of the CBP and guest material was kept constant at 9 mg mL–1. The solution was spin-
coated at 4000 rpm for 60 s. The fabricated structure was then annealed at 60 °C for 30 
min. The samples were transferred to a thermal evaporator within the glovebox following 
the annealing step, and the 4,7-diphenyl-1,10-phenanthroline (BPhen), LiF, and Al layers 
were deposited sequentially by thermal evaporation at a base pressure of ~ 1 × 10–6 Torr. 
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The OLEDs were characterized by monitoring their electroluminescence (EL) spectra and 
brightness as a function of the applied voltage, and the luminous and power efficiencies 
were determined. 
Thermogravimetric Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
a 
5% weight loss temperature measured by TGA 
a) b) 
 
SI Figure 1: TGA thermograms of a) CBZ-BBO and b) DOF-BBO  heating at a scan rate of 10 °C/min 
under a N
2
 atmosphere. 
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Differential Scanning Calorimetry Scans 
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General Methods/Experimental 
Differential scanning calorimetry (DSC) measurements were performed 
using a TA Instruments DSC Q100 machine, at a scan rate of 10 °C/min. 
under a nitrogen atmosphere. 
SI Figure 2: Second heating (red) and cooling (blue) scans of a) 2,7carb-BBO and b) DOF-BBO using DSC 
between -30 and 300 °C, under a nitrogen atmosphere 
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Film UV-Vis and Normalized Film Photoluminescence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI Figure 3: Film UV-Vis of DOF-BBO and CBZ-BBO for each polymer on glass. 
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Cyclic Voltammetry Scans for DOF-BBO and CBZ-BBO polymers 
--------------------------- 
ChemDraw Professional 
--------------------------- 
A previous ChemDraw session appears to have terminated incorrectly. Do you wish to 
recover this session? 
--------------------------- 
Yes   No    
SI Figure 4: Cyclic voltammograms for DOF-BBO in the film state. Acetonitrile as the solvent 
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--------------------------- 
SI Figure 5: 1H NMR spectra for pDOF-BBO 
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SI Figure 6: 1H NMR spectra for pCBZ-BBO 
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SI Figure 7: 1H NMR spectra for 2,6-dihexyl-4,8-dibromobenzobisoxazole 
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SI Figure 8: 1H NMR spectra for 2,7-dibromo-9H-fluorene 
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SI Figure 9: 1H NMR spectra for 2,7-dibromo-9,9-dioctyl-9H-fluorene 
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SI Figure 10: 1H NMR spectra for 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) 
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SI Figure 11: 1H NMR spectra for 4,4’-dibromo-2-nitro-1,1’-biphenyl 
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SI Figure 12: 1H NMR spectra for 2,7-dibromo-9H-carbazole 
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SI Figure 13: 1H NMR spectra for 2,7-dibromo-9H, carbazole 
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SI Figure 14: 1H NMR spectra for 9-octyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole 
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CHAPTER THREE: BENZOBISOXAZOLE CRUCIFORMS: A TUNABLE, 
CROSS-CONJUGATED PLATFORM FOR THE GENERATION OF DEEP-
BLUE OLED MATERIALS 
Section 1: Abstract 
Four new cross-conjugated small molecules based on a central benzo[1,2-d:4,5-
d′]bisoxazole moiety possessing semi-independently tunable HOMO and LUMO levels 
were synthesized, and the properties of these materials were evaluated experimentally and 
theoretically. The molecules were thermally stable with 5% weight loss occurring well 
above 350 °C. The cruciforms all exhibited blue emission in solution ranging from 433 – 
450 nm. Host-guest OLEDs fabricated from various concentrations of these materials using 
the small molecule host 4,4’-bis(9-carbazolyl)-biphenyl (CBP) exhibited deep blue-
emission with Commission Internationale de L'Eclairage (CIE) coordinates of (0.15 ≤ x ≤ 
0.17, 0.05 ≤ y ≤ 0.11), and maximum luminance efficiencies as high as ~2 cd/A. These 
results demonstrate the potential of benzobisoxazole cruciforms as emitters for developing 
high-performance deep-blue OLEDs. 
Section 2: Introduction 
Due to the multitude of everyday applications conceivable for organic 
semiconductors, the field of organic electronics is rapidly developing.176 Research in this 
area is motivated by the many benefits of these materials, which include the relative 
abundance of carbon, the reduced fabrication cost attained via solution processing, and the 
opportunity to optimize the material properties for specific applications through organic 
synthesis. Initially, conjugated polymers were investigated for organic electronic 
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applications.177 However, since the properties of conjugated polymers are a function of the 
material’s structure and morphology, variations in the molecular weight, dispersity, 
defects, and purity can dramatically impact their performance.178, 179 Furthermore, current 
methods for the synthesis of conjugated polymers make consistency between batches 
difficult. As a result, the reported performance of conjugated polymers in organic solar 
cells (OSC)s, organic light emitting diodes (OLED)s, and organic field effect transistors 
can vary widely. In contrast, mono-disperse conjugated molecules possess well-defined 
molecular structures and can be consistently synthesized with high purity.180-183 Initially, 
studies on these molecules focused on simple systems comprising one building block.184-
187 In recent years, combining alternating electron donating (D) and electron accepting (A) 
moieties within the same (macro)molecule has emerged as an effective way to manipulate 
the position of its highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO). To date, many different donor-acceptor molecules have been 
synthesized, and OSCs using small molecules as the active layer have recently reached 
record-breaking efficiencies above 9.0%.188, 189 Small molecules are the materials of choice 
in commercial OLEDs due to their superior efficiency and color purity in comparison to 
polymers.190 However, until recently, small molecule OLEDs (SMOLEDs), have suffered 
from limited solubility.191 Therefore there is a need for the development of new materials 
that can be solution-processed.  
 While the donor-acceptor approach enables the tuning of the materials’ frontier 
molecular orbitals (FMO)s, due to the extensive delocalization of electrons within 
conjugated systems most chemical modifications impact the position of both the HOMO 
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and LUMO levels. One tactic to circumvent this phenomenon is through the synthesis of 
two-dimensional cross-conjugated molecules comprising two perpendicular π-conjugated 
linear units that intersect via a central aromatic core. As a result of the spatial segregation 
of the FMOs in these “cruciforms,” it is possible to semi-independently alter the LUMO or 
the HOMO level through judicious selection and strategic positioning of substituents 
around the central molecule.192-199 Benzo[1,2-d:4,5-d′]bisoxazole (BBO)-based cruciforms 
are unique since one of the conjugation pathways encompasses the two oxazole rings 
whereas the other goes through the central benzene ring.115, 200-206 Recently, the Miljanić 
group reported the use of BBO cruciform as fluorescent sensors.203-206 Their work, along 
with our synthetic and theoretical studies on cross-conjugated BBOs,114, 115, 146 
demonstrates that in the case of donor-acceptor systems, the HOMO level can be localized 
along the perpendicular axis (4,8-) whereas the LUMO level is localized along the 
Figure 22: The four target benzobisoxazole cruciforms 
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horizontal axis  (2,6-). Thus, selective tuning of the FMOs is possible, although to date has 
not been widely utilized for developing organic electronics.  
In this work, we demonstrate, for the first time the utility of BBO cruciforms as a 
tunable platform for the development of organic semiconductors, FIGURE 22. Based on 
theoretical calculations, we synthesized four novel cross-conjugated molecules composed 
of the BBO core and different arrangements of phenyl- and fluorenyl- substituents. We 
targeted the synthesis of deep-blue light-emitting materials, as they are essential 
components in solid-state light based on white OLEDs.207, 208 These wide bandgap 
materials can also be used as hosts for green and red emitters to achieve the primary color 
required for displays.209, 210 Unfortunately, the essential wide bandgap and corresponding 
reduction in emission quantum yield make it very challenging to attain efficient deep-blue 
emission.210, 211 Thus we envisioned that a small molecule with tunable FMOs could best 
achieve these goals. 
SECTION THREE: RESULTS AND DISCUSSION 
Synthesis and Characterization 
The synthetic approach for the 2,4,6,8-tetraarylBBOs is shown in SCHEME 2. All 
of the molecules were prepared using a simple two-step approach: a condensation reaction 
to prepare the 2,6-diaryl-4,8-dibromoBBOs and then a cross-coupling to extend 
conjugation across the central benzene ring. This approach allows for the synthesis of 
multiple BBOs from common intermediates. The condensation reaction of 3,6-diamino-
2,5-dibromohydroquinone (1) with benzoyl chloride or 9,9-dihexyl-9H-fluorene-2-
carbonyl chloride (5), afforded compounds 2 and 6 in yields of 23% and 15%, respectively. 
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Although the yields for these steps were low, we were able to obtain adequate amounts of 
material for the next step. The cross-coupling of 2 with 4-octylphenylboronic acid (3) or 
2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4) yielded SM 1 
and SM 2 in yields of 60% and 75%, respectively. The cross-coupling of 6 with 
phenylboronic acid or 4 afforded SM 3 and SM 4 in 40% and 62%, yield respectively. 
Purification of these compounds was easily accomplished by first passing through a short 
silica gel plug to remove non-polar and residual catalyst followed by precipitation from 
methanol. Lastly, the small molecules purified by a subsequent column and precipitation. 
The cruciforms were soluble in chlorinated solvents and characterized by NMR 
spectroscopy and high-resolution mass spectrometry. The thermal properties of the 
materials were studied using differential scanning calorimetry (DSC) under nitrogen and 
Scheme 2: Benzobisoxazole cruciform synthesis 
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thermogravimetric analysis (TGA) in under an air atmosphere with a heating rate of 20 °C. 
All the BBOs showed excellent thermal stability under ambient conditions with 5% weight 
loss temperatures of 368, 357, 390 and 409 °C for SM 1, SM 2, SM 3 and SM 4 
respectively (FIGURE 29). DSC did not reveal any transitions pertaining to melting or 
crystallization before the decomposition temperature. Thus, the heat generated during 
device operation should not alter the film morphology of these materials. 
Optical and Electrochemical Properties 
The solution UV-Vis absorption and photoluminescence spectra of the BBOs are 
shown in FIGURE 28(supporting information) and FIGURE 23, respectively. The data is 
summarized in TABLE 5. All of the BBOs exhibited strong blue-emission in solution (433 
- 450 nm). SM 1, SM 2 and SM 4 all had broad, featureless peaks, whereas SM 3 had a 
reasonably shifted shoulder. The fluorescence quantum yields in solution as SM 1 was the 
lowest, SM 4 the highest and the constitutional isomers, SM 2 and SM 3 were identical. 
The molecules were referenced to Fc/Fc+, and the results are summarized in TABLE 5. All 
of the materials exhibited measurable and reproducible oxidation and reduction processes.  
BBO 
Abs λmax
film  
(nm) 
PL 
λmax
film  
(nm) 
ΦPL 𝑬𝒈
𝒐𝒑𝒕a(eV) 
HOMOb 
(eV) 
LUMOc 
(eV) 
𝐄𝐠
𝐄𝐂d 
(eV) 
SM 1 355 433 0.34 3.1 -6.2 -2.7 3.5 
SM 2 364 441 0.51 2.9 -5.7 -3.5 2.2 
SM 3 386 444 0.51 2.9 -6.0 -3.7 2.3 
SM 4 395 450 0.71 2.8 -6.0 -3.5 2.5 
Table 5: Optical and Electronic Properties, aEstimated from the absorption onset of the film. b HOMO= -(𝐄𝒐𝒏𝒔𝒆𝒕
𝒐𝒙  
+ 4.8) eV. c LUMO = -(𝐄𝒐𝒏𝒔𝒆𝒕
𝒓𝒆𝒅   + 4.8) eV. d 𝐄𝐠
𝐄𝐂 = LUMO - HOMO. 
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The HOMO values of the BBOs were similar,212 ranging from -6.0 to -6.2 eV, whereas the 
LUMO levels ranged from -2.7 to -3.7 eV. SM 1, with phenyl substituents in all four 
positions, had the deepest HOMO level (-6.2 eV), and the highest-lying LUMO level (-2.7 
eV), resulting in the widest bandgap. For the mixed systems possessing both fluorenyl and 
phenyl groups (SM 2 and SM 3), the bandgaps were both 2.9 eV.  Since both the phenyl  
Figure 23: Solution Photoluminescence of SM 1-4 in chloroform 
and fluorenyl substituents are weakly electron-donating the difference in the energy levels 
in this system is likely a result of the difference in conjugation length.115 This conclusion 
is verified by the bandgap trend SM 1 > SM 2 = SM 3 > SM 4. The influence of substituents 
selection and the location is further revealed in frontier orbital diagrams below. The 
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electrochemical properties of the BBOs were investigated by cyclic voltammetry (CV) 
using a platinum working electrode in acetonitrile, with 0.1 M Bu4NPF6 as the electrolyte 
and an Ag/Ag+ reference electrode.  
Theoretical calculations 
To further evaluate the structure-property relationships within these cross-
conjugated BBOs, time-dependent density functional theory was performed. Initially, all 
four materials were optimized, and their excited states generated using B3LYP/6-31G*. 
Based on previous benchmarking studies,213 it was determined that the MPW1PBE level 
with an SV basis set combined with the 
polarizable conductor calculation model 
(CPCM)214, 215 mimicking the CHCl3 
solvation effects provided the best 
correlation to experiment. Both sets of 
computational results were compared and 
contrasted to experimental CV and UV-
Vis data and are summarized in TABLE 
6, where the absolute HOMO and the 
bandgap measurements were 0.2 eV 
leading to 3.5% and 6.9% errors, 
respectively. Conversely, the LUMO 
comparison suffered from much larger absolute and percent errors, which was expected 
Figure 24: Frontier Orbitals for SM 1 - 4 
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based on the error in the CV as well as given the limitations inherent in DFT 
computations.212  
 The HOMO levels predicted by theory demonstrate the impact substituent identify 
plays along the 4,8-axis.  Phenyl substituents (SM 1 and SM 3) lower the HOMO to -6.1 
eV, whereas fluorenyl rings raise the HOMO to -5.9 eV (SM 2 and SM 4). The bandgaps 
appear to be influenced by conjugation length as well as the extent of delocalization of 
electron density as shown in the frontier orbitals displayed in FIGURE 24. There was 
localization along the donor axis for the HOMOs except for SM 3. Both SM 2 and SM 4 
demonstrated more localization along the acceptor axis than SM 3 or SM 1.  These two 
trends along with conjugation length led to both lower bandgaps and may play a part in the 
improved performance of SM 2 and SM 4 in OLEDs relative to SM 1 and SM  
3. The importance of aryl ring identity was further examined by measuring the torsion 
angle produced between the 4,8-axis and the plane possessing the 2,6-axis, Figure 3.  The 
larger the torsion suppress the intermolecular aggregation between the BBO cores 
enhancing their efficiency in OLEDs.216 The ranking in order of increasing dihedral angle 
was: SM 4 < SM 2 < SM 1 < SM 3.  As discussed below, SM 1 could not be fabricated 
BBO 
HOMO (abs diff. from Exp’t) in 
eV 
LUMO (abs diff. from Exp’t) in 
eV 
Eg (abs diff. from Exp’t) in eV 
Exp't 
B3LYP/ 
6-31G* 
MPW1PBE
/SV-CHCl3 
Exp't 
B3LYP/ 
6-31G* 
MPW1PBE
/SV-CHCl3 
Exp't 
B3LYP/ 
6-31G* 
MPW1PB
E/SV-
CHCl3 
SM 1 -6.2 
-5.3 
(0.9) 
-6.1 (0.1) -2.7 -1.9 (0.8) -2.4 (0.3) 3.1 3.2 (0.1) 3.2 (0.1) 
SM 2 -5.7 
-5.2 
(0.5) 
-5.9 (0.2) -3.5 -1.9 (1.6) -2.5 (1.0) 2.9 2.9 (0.0) 2.9 (0.0) 
SM 3 -6.0 
-5.3 
(0.7) 
-6.1 (0.1) -3.7 -2.0 (1.7) -2.5 (1.2) 2.9 3.0 (0.1) 3.1 (0.2) 
SM 4 -6.0 
-5.1 
(0.9) 
-5.9 (0.1) -3.5 -2.0 (1.5) -2.5 (1.0) 2.8 2.8 (0.0) 2.9 (0.1) 
Table 6: Experimental vs. theoretical energy levels 
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into a working device with the CBP host material. SM 3 indicated unfavorable electron 
distribution in the frontier orbitals; thus SM 2 and SM 4, are the most viable candidates for 
use in OLEDs.  Based on the torsion angle data, theory predicts that SM 2 should produce 
a better device than SM 4, and this is corroborated by the data below. 
Organic Light-Emitting Diodes 
The EL of the cruciforms was evaluated in host-guest OLEDs using 4,4’-bis(9-
carbazolyl)-biphenyl (CBP) as the small 
molecule host. The configuration for 
these devices was ITO/PEDOT:PSS(60 
nm)/CBP:BBO/BPhen(40 nm)/LiF(1 
nm)/Al(100 nm). The energy level 
diagrams and the EL spectra of devices 
comprising the CBP host and 10% of the 
guest (SM 1, SM 2 or SM 3) are shown 
in Figures 4 and 5a, respectively. Due to 
the poor performance of the device from 
SM 1, the EL spectra could not be 
Figure 25: Optimized geometries for SM 1-4 
Figure 26: Energy level diagram of SM 1-4 and CBP host. 
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obtained. This result is not surprising as both the HOMO and LUMO levels for SM 1 are 
outside those for the CBP host. The emission maximum of SM 2 is red-shifted 11 nm from 
SM 3, demonstrating the influence of the direction of the  
extended conjugation axis. Similarly, the emission maximum of SM 4 was red-shifted 22 
nm relative to SM 3 as a result of extended conjugation. The EL spectrum for SM 3 is 
similar in width and shape to its emission spectrum, but the peak widths at half-maximum 
for the EL spectra of SM 2 and SM 4 are considerably narrower than their emission spectra. 
The normalized electroluminescent spectra of devices with different weight % 
concentrations of the BBO’s in the CBP host are shown above in FIGURE 26. The key 
performance parameters of these OLEDs are summarized in TABLE 7.  It can be seen 
from these plots that the host is quenched upon the addition of ~5% of the guest molecule, 
Dopant Devicea Vonb 
[V] 
Drive 
Voltage 
[V] 
Current 
Density 
J, [mA/cm2] 
Brightness 
[Cd/m2] 
Efficiency [Cd/A, lm/W 
(%EQE)c] 
λmax
EL[nm]  CIE 1931 
[x,y, y’] wt. % 
SM 2 
1.0 4.2 6.2 392 1155 0.93, 0.61, 1.82 433, 400 0.16, 0.05, 
0.79 
2.0 4.0 6.0 439 2152 1.30, 0.85, 2.33 436, 400 0.16, 0.05, 
0.79 
5.0 4.4 6.6 489 1141 0.71, 0.45, 1.08 439, 400 0.16, 0.06, 
0.78 
10.0 4.0 7.0 336 1051 2.05, 1.40, 2.95 443, 400 0.16, 0.05, 
0.79 
SM 3 
1.0 5.0 8.0 365 275 0.33, 0.20, 0.60 425, 400 0.17, 0.06, 
0.78 
2.0 5.2 6.4 74 148 0.25, 0.13, 0.37 428, 400 0.16, 0.07, 
0.77 
5.0 4.8 8.4 497 801 0.45, 0.25, 0.58 430, 400 0.17, 0.08, 
0.76 
10.0 4.2 8.2 583 779 0.50, 0.33, 0.76 430, 400 0.16, 0.06, 
0.78 
SM 4 
1.0 4.0 6.3 360 1649 1.23,0.77, 1.55 450, 400 0.15, 0.09, 
0.76 
2.0 4.0 6.4 350 1568 1.93, 1.24, 2.22 450, 400 0.15, 0.09, 
0.76 
5.0 3.9 6.4 404 1412 1.09, 0.67, 1.01  450, 400 0.16, 0.11, 
0.73 
10.0 3.6 6.9 606 1159 1.29,0.97, 1.20 450, 400 0.15, 0.11, 
0.74 
Table 7: OLED device performance for SM 2, SM 3 and SM 4 
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indicating that there is efficient energy transfer from the host to the emitters. Interestingly, 
the best devices were obtained when 10 wt. % of the guest was used. These results are also 
an improvement from our previous work where BBO polymer: CBP host systems were 
studied, as emission was not observed with 10% doping levels.217 This relatively high 
concentration of the guest suggests that excellent guest-host mixing is occurring in this 
system, as OLEDs based on neat films of the cruciforms exhibited strong concentration 
quenching. Such quenching is often a result of strong π-stacking within conjugated 
systems. Based on the optimized geometries in Figure 3, we could surmise that SM 2, was 
the least planar and thus least susceptible to intermolecular aggregation. Indeed, SM 2, 
gave the best performance of all the molecules with an efficiency of ~2 Cd/A and a peak 
Figure 27: Electroluminescence spectra of SM 2-4 (top left), and EL emission at various concentrations as 
noted. 
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emission at 443 nm, when doped into the host at 10 wt %. The CIE 1931 coordinates for 
SM 2 of x= 0.16, y= 0.05, were well into the deep-blue region. Interestingly, switching the 
conjugation axis had a detrimental impact on the OLED performance as SM 3 had the 
lowest efficiency, luminescence, and EQE regardless of the doping level. This may be a 
result of the difference in the distribution of the electron density within the system as seen 
in the frontier orbitals, FIGURE 24. Another contributing factor is that the deep HOMO 
level of SM 3 is close to that of the CBP guest. However, since SM 4 had the same HOMO 
level as SM 3 and performed significantly better, energy level misalignment is not likely 
the cause of the poor performance. In the future, we will utilize a wider bandgap host to 
evaluate this phenomenon further. The device made using 2% of SM 4 gave the second 
best performance an efficiency of ~1.9 Cd/A, with peak emission at 443 nm, and CIE 1931 
coordinates x= 0.15, y= 0.09, which are close to the National Television System Committee 
(NTSC) blue color standard (0.14, 0.08).216, 218 These are very promising materials 
considering that the photopic factor is only 0.023 at ~445 nm. Furthermore, considering 
that the PL quantum yield is only 0.5, the maximum internal quantum efficiency is only 
~0.25 x 0.5 = 0.125 (yield of singlets times PL quantum yield), and the EQE is about ~0.2 
x 0.125 = 0.025 = 2.5%, since the outcoupling factor in these conventional bottom-
emitting-through-the-glass OLEDs with ITO is < 20%. Hence, based on the PL of the 
emitting materials, the EQE of the deep-blue fluorescent OLEDs based on SM 2 and SM 
4 are close to the maximal possible values.  
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SECTION FOUR: Conclusion 
In summary, we have synthesized four cross-conjugated, blue light emitting materials 
based on benzo[1,2-d:4,5-d′]bisoxazole. The HOMO and LUMO levels of these materials 
were readily tuned via substitution pattern to afford materials with wide-bandgaps. 
Structure-property studies reveal that such modifications not only impact the energy levels 
and bandgaps, but they also affect the electron density and planarity within the systems. 
As a result, the performance of the OLEDs varied depending upon the structure. Non-
optimized OLEDs achieved EQE approaching 3% and efficiency of ~2 Cd/A with a 
relatively narrow EL band peaking at 443 nm and a CIEy ≤ 0.05. Collectively these results 
indicate that the synthesis of BBO cruciforms is a promising strategy for the design of 
efficient deep-blue OLEDs. Future work is ongoing in our labs on OLED optimization and 
synthesis of new materials. These will be reported in due course. 
SECTION FIVE: Experimental Methods 
Materials, Measurements, and Synthesis 
Br-DAHQ (1),174 polyphosphoric acid, silyl ester (PPSE),175 were synthesized according 
to literature procedures. THF and toluene were dried using an Innovative Technologies 
solvent purification system. All other chemical reagents were purchased from commercial 
sources and used without further purification unless otherwise noted. Nuclear magnetic 
resonance (NMR) experiments were carried out in CDCl3 at 600 MHz (
1H) AND 800 MHZ 
(13C). In all spectra, chemical shifts are given in δ relative to tetramethylsilane. Coupling 
constants are reported in hertz (Hz). High-resolution mass spectra were recorded on a 
double-focusing magnetic sector mass spectrometer using ESI or APCI. Melting points 
were obtained on a melting point apparatus with 260 °C upper limit and are uncorrected. 
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All UV-Vis and fluorescence spectroscopy were obtained using CHCl3 solutions unless 
otherwise noted. Relative solution fluorescence quantum yields were obtained using 9,10-
diphenylanthracene (ΦPL = 0.885 in ethanol)219 as a standard with excitation at 372 nm.  
4,8-dibromo-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (2).  
In a dried round-bottomed flask (RBF), a freshly prepared solution of poly-
phosphosilylether (PPSE) (5g in 20 mL of o-DCB) and 1 was degassed for 20 minutes. 
Benzoyl chloride was added, and the solution was refluxed for 2 days under argon. The 
solution was allowed to cool to room temperature and crashed into cold methanol(-78 °C). 
The precipitate was filtered and refluxed in EtOH to remove the red color, resulting in a 
tan powder. The resulting product was used without further purification. M.P. >260 °C Due 
to the poor solubility of the product, NMR spectra were not obtained. 
4,8-dibromo-2,6-bis(9,9-dihexyl-9H-fluoren-2-yl)benzo[1,2-d:4,5-d']bis(oxazole) (6) 
In a dried RBF, compound 1 (1.49 g, 5 mMol) and a freshly prepared solution of poly-
phosphosilylether (PPSE) (2g in 20 mL of DCE) were degassed for 20 minutes and then 
heated at reflux for 3 days under argon. The solution was allowed to cool to room 
temperature and quenched with 2M sodium hydroxide and extracted with methylene 
chloride. The combined organic layers were washed with 2M hydrochloric acid, water, 
brine and dried over sodium sulfate then concentrated. The resulting residue was filtered a 
small silica gel column with CH2Cl2 and concentrated in vacuo. The residue was put 
through a second column with 80/20 v/v hexanes/CH2Cl2. The solution was concentrated 
and recrystallized from ethyl acetate. 
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M.P. >260 °C, 1H NMR (400 MHz, CDCl3) 8.36 (2H, d, J=4), 8.30 (2H, s), 7.86 (2H, d, 
J=8), 7.79 (2H, dd, J=4,4), 7.39 (6H, d, J=4), 2.10 (9H, m), 1.06 (24H, m), 0.75 (12H, t), 
0.60 (9H, m); HRMS (ESI) calcd for C58H66N2O2Br2 981.3564 [M + H]
+ , found 981.3559. 
4,8-bis(4-octylphenyl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (SM 1). 
In a dried, 3-necked RBF purged with argon, fitted with a condenser, monomers 2 (117.5 
mg, 0.25 mMol) and 3 (174 mg, 0.55 mMol) and were dissolved in degassed toluene. One 
drop of Aliquot 336 (surfactant) was added to the reaction flask, followed by sodium 
carbonate (6 mL, 10 mMol). The reaction solution was then deoxygenated for 30 min by 
pumping argon through the solution. PEPPSI-iPr catalyst (0.0125 mMol) was added, and 
the reaction refluxed for 3 days under argon. The solution was then diluted with toluene 
and layers separated. The aqueous layer was extracted twice with toluene (2x20 mL 
portions). The combined organic layers were washed with 1M hydrochloric acid, water, 
brine and dried with sodium sulfate. After concentration, the residue was purified by 
column chromatography (gradient hexanes to 50/50 v/v hexanes/dichloromethane). The 
eluents were concentrated and dissolved in 1.5 mL of chloroform and crashed out into 
methanol (-78 °C). The resulting powder was taken through a second column by dry 
packing to silica, following the same gradient then precipitated into MeOH to give the 
product as a white powder (87 mg, 50%). 
M.P. 242 °C, 1H NMR (600 MHz, CDCl3) δ 8.34-8.37 (8H, m, J=6, 6 Hz), 7.54 (6H, d, 
J=6 Hz), 7.47 (4H, d, J=6 Hz), 2.75 (4H, m), 1.75 (4H, m) 1.55 (13H, s) 1.45 (5H, m), 1.38 
(4H, m) 1.32(10H, m) 0.90 (6H, t); 13C (400 MHz, CDCl3) δ 165.68, 152.10, 152.00, 
147.37, 146.04, 140.35, 140.21, 128.91, 127.95, 127.53, 124.95, 123.50, 122.84, 121.61, 
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120.61, 91.86, 56.03, 40.83, 32.01, 30.12, 24.22, 23.03, 14.46; HRMS (ESI) calcd for 
C48H52N2O2 689.4102 [M + H]
+ , found 689.4087. 
4,8-bis(9,9-dioctyl-9H-fluoren-2-yl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (SM 
2) 
SM 2 was synthesized similarly to SM 1 from 2 and 4. The product was obtained as a bright 
yellow powder (90 mg, 76%). 
M.P.149 - 152 °C, 1H NMR (800 MHz, CDCl3) δ 8.50 (2H, m, J=8,8 Hz), 8.45 (2H, s), 
8.37 (4H, dd, J=8,8 Hz), 7.99 (2H, d, J=8 Hz), 7.84 (4H, d, J=8 Hz), 7.75 (2H, d, J=8 Hz), 
7.45 (2H, d, J=8 Hz) 7.42 (2H, td, J=8 Hz); 7.38 (2H, td, J=8 Hz),2.15 (10H,m), 1.17(18H, 
m), 0.95 (4H, m), 0.82 (4H,m), 0.78 (14H, t, J=8 Hz); 13C (800 MHz, CDCl3) δ 163.66, 
151.51, 150.88, 146.62, 141.28, 141.05, 138.60, 131.61, 131.33, 129.29, 129.27, 129.01, 
127.80, 127.50, 127.39, 127.00, 125.07, 125.05, 123.15, 120.16, 119.97, 114.99, 55.37, 
40.82, 31.92, 31,90, 30.53, 29.54, 29.53, 29,46, 24.20, 22.73, 22.72, 14.19, 14.18  HRMS 
(ESI) calcd for C78H92N2O2 1089.7232 [M + H]+ , found 1089.7228. 
2,6-bis(9,9-dihexyl-9H-fluoren-2-yl)-4,8-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (SM 
3) 
SM 3 was synthesized similarly to SM 1 from 6 and phenyl boronic ester. The resulting 
residue was purified by column chromatography (gradient hexanes to 50/50 v/v 
hexanes/dichloromethane). The product was obtained as light-yellow flakes (97 mg, 40%). 
M.P. 214 °C, 1H NMR (600 MHz, CDCl3) δ 8.49 (2H, dd, J=6 Hz), 8.44 (2H,s), 8.37 (4H, 
m), 7.98 (2H, d, J=6 Hz), 7.82 (2H, d), 7.56 (6H, m), 6.14 (6H,m), 2.14 (9H, ddq), 1.13 
(45H, dd), 0.76 (14H, t); 13C (800 MHz, CDCl3) δ 164.81, 151.88, 151.68, 146.74, 144.99, 
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140.37, 138.84, 133.03, 130.69, 130.67, 130.66, 129.01, 128.61, 128.44, 127.34, 127.29, 
125.89, 123.30, 122.38, 120.31, 114.45, 55.72, 40.60, 31.85, 29.95, 24.07, 14.31; HRMS 
(ESI) calcd for C70H76N2O2 977.598 [M + H]+ , found 977.5982. 
2,6-bis(9,9-dihexyl-9H-fluoren-2-yl)-4,8-bis(9,9-dioctyl-9H-fluoren-2-yl)benzo[1,2-
d:4,5-d']bis(oxazole) (SM 4) 
SM 4 was synthesized similarly to SM 1 from 4 and 6. The product was obtained as yellow 
crystals (208 mg, 52%). 
M.P. 144-146 °C, 1H NMR (600 MHz, CDCl3) 1H NMR (600 MHz, CDCl3) 8.62 (2H, d, 
J=6 Hz), 8.55 (2H, s), 8.32 (4H, m, J=12 Hz), 7.99 (2H, d, J=6 Hz), 7.81 (4H, t, J=6 Hz), 
7.73 (2H, dd), 7.40 (2H, d, J=6 Hz) 7.33 (10H, m, J=6,6 Hz); 13C (800 MHz, CDCl3) δ 
164.44, 151.76, 151.53, 151.11, 146.87, 144.99, 141.48, 141.35, 140.45, 138.90, 131.83, 
129.53, 129.50, 128.47, 127.56, 127.32, 127.15, 126.16, 125.05, 125.02, 123.37, 123.32, 
122.22, 120.69, 120.34, 120.31, 120.18, 114.70, 55.81, 55.66, 41.13, 40.83, 32.11, 31.89, 
30.76, 30.04, 29.70, 29.68, 24.39, 24.10, 22.90, 14.33,14.31; HRMS (ESI) calcd for 
C116H148N2O2 1602.1614 [M + H] +, found 1602.1583. 
 
4,4,5,5-tetramethyl-2-(4-octylphenyl)-1,3,2-dioxaborolane 
In a oven-dried RBF with a stirbar, 4-octylbromobenzene (1.34 g, 5 mmol) was dissolved 
in dry THF and cooled down to -78 °C by acetone/dry ice bath. Then n-BuLi (2.4 mL, 6 
mmol) was added dropwise and allowed to stir for one hour. 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1.22 mL, 6 mmol) was added dropwise and allowed to 
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warm to room temperature overnight. One milliliter of 1M HCl was added to quench the 
reaction stirred for one hour. 50 mL of water was added to the reaction mixture and then 
extracted with diethyl ether (3x50 mL). The combined organic layers was washed with 
brine and dried with sodium sulfate. The solution was filtered and reduced in vacuo. The 
crude yellow oil was purified by column chromatography (gradient hexanes to 80/20: 
hex/EtOAc) to resulting in a viscous colorless oil. 48 %  
1H NMR (600 MHz CDCl3) 7.72 (2H, d), 7.19 (2H, d), 2.61 (2H, t), 1.61 (2H, t), 1.34 (2H, 
s), 1.29 (3H, m), 1.26 (6H, dd), 0.87 (4H, t) 
 
2-bromo-9H-fluorene (S2) 
A 250 mL RBF was charged with a stir bar, fluorene (7.45g, 44.8 mmol) and propylene 
carbonate (56 mL). The solution was heated to 60 °C while stirring vigorously resulting in 
a yellow solution. The N-bromosuccinamide (8.77 g, 49.28 mmol) was added in one 
portion to give an orange-red color, and the solution was immediately allowed to cool to 
room temperature. The reaction mixture was then poured into chilled water (500 mL), and 
the slightly pink precipitate was filtered and washed with cold ethanol. The crude product 
was then recrystallized with an ethanol/water mixture (75:25) which resulted in a white 
powder and collected from two crops of the same filtrate. 91% 
1H NMR (600 MHz CDCl3) 7.76 (1H, d) 7.68 (1H, s), 7.64 (1H, d), 7.54 (1H, d), 7.51 (1H, 
d), 7.38 (1H, t), 7.33 (1H, t), 3.89 (2H, s)  
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220, 2212-bromo-9, 9-dioctyl-9H-fluorene 
With a modified literature procedure…in an RBF under argon, 2-bromofluorene (20 
mMol) was dissolved into DMF (40 mL). Tetrabutylammonium bromide (0.84 g, 
2.64mmol)  was added in as a phase-transfer catalyst. Powdered KOH (4.98 g, 88 mMol) 
was added in one portion, followed by the dropwise addition of 1-bromooctane (8.11g, 42 
mmol). The solution was allowed to stir overnight and then poured in 400 mL of water. 
The solution was poured into water and washed with DCM (3x100 mL). The combined 
organic layers were washed with brine and dried with sodium sulfate and concentrated in 
vacuo.  The yellow crude oil was purified by a hexanes column and basic alumina plug to 
result as a colorless oil. 79%  
1H NMR (600 MHz CDCl3) 7.66 (1H, m), 7.55 (1H, d), 7.45 (2H, d), 7.32 (3H, m), 1.93 
(5H, ddd), 1.28 (8H, m), 0.89 (9H, t), 0.59 (5H,m) 
 
 
222 2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
2-bromo-9, 9-dioctyl-9H-fluorene (4.53g, 9.65 mmol) was dissolved in dry THF (50 mL) 
and chilled to -78 °C. To the solution, n-BuLi (5.8 mL, 14.5 mmol, 2.5M in hexanes) was 
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added dropwise and allowed to stir for 1 hour. 2-Isopropoxy-4, 4, 5, 5-tetramethyl-1, 3, 2-
dioxaborolane (3.94 mL, 19.3 mmol) was added dropwise over 5 minutes, and the solution 
was allowed to warm over room temperature and stirred overnight. The reaction was 
quenched with water and extracted with diethyl ether. The combined organic layers were 
washed with 1M HCl, water, brine then dried with sodium sulfate. The solution was 
filtered, and the solvent was removed in vacuo and product was purified via column 
chromatography (gradient hexanes to 50/50 hex/EtOAc) to afford a viscous colorless oil. 
(92%) 
 
1H NMR (600 MHz CDCl3) 7.80 (1H, d), 7.74 (1H, s), 7.71 (1H, dd), 7.69 (1H, d), 7.32 
(3H, m), 1.97 (4H, dtd), 1.39 (12H, s), 1.19 (4H, q), 1.05 (16H, m), 0.81 (6H, t), 0.58 
(4H, m) 
 
 
 
Synthesis of 2-bromo-9, 9-dihexyl-9H-fluorene 
 
The dihexyl fluorene was prepared similarly as S3. The yellow crude oil was purified by a 
hexanes column and basic alumina plug to result as a colorless oil. 79% 
 
1H NMR (400 MHz CDCl3) 7.66 (1H, m), 7.55 (1H, m), 7.46 (2H, m) 7.32 (3H, d), 1.93 
(5H, dt), 1.06 (11H, m) 0.78 (5H, m), 0.60 (4H, d) 
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9,9-dihexyl-9H-fluorene-2-carboxylic acid 
 
In a dry, 2-necked RBF under argon, dihexyl fluorene (8.03 g, 20 mmol) was dissolved in 
dry THF (100 mL) and cooled -78 °C. n-BuLi (10 mL, 25 mmol) and was allowed to stir 
for 90 minutes. Carbon dioxide was bubbled through the solution and allowed to warm to 
room temperature overnight. The reaction was quenched with 6M HCl and extracted with 
ether. The combined organic layers were washed with 1M HCl, water, brine and dried over 
sodium sulfate. The solution was filtered and concentrated in vacuo. The crude oil was 
purified by column chromatography (hexanes: ethyl acetate 99:1 then gradient to 75:25 
after the first spot eluted) to result as a viscous yellow oil. 71% 
1H NMR (400 MHz CDCl3) 8.15 (1H, dd), 8.10 (1H,s), 7.80 (2H, d), 7.38 (3H, m), 2.02 
(4H, m), 1.06 (12H, m), 0.76 (6H, t), 0.59 (4H, m)  
 
9,9-dihexyl-9H-fluorene-2-carbonyl chloride 
 
In dried 100 mL RBF, S5 (5.40 g, 14.26 mmol) SOCl2 (14 mL) and 1 drop of DMF were 
added and heated to reflux. The excess SOCl2 was distilled under reduced pressure 
followed by a subsequent distillation by with 25 mL to remove excess volatiles and was 
used without further purification resulting in yellow goo. 98 % 
1H NMR (400 MHz CDCl3) 8.16 (1H, dd), 8.05 (1H, s), 7.79 (2H, d), 7.40 (3H, m) 2.01 
(4H, m), 1.06 (13H, m), 0.76 (6H, t), 0.57 (4H, td) 
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OLED Fabrication and Characterization 
OLEDs were fabricated on nominally 10-20 ohms/sq, 120-160 nm thick ITO-coated glass 
substrates (Colorado Concept Coatings). The substrates were first cleaned with a detergent 
and organic solvents and then treated in a UV/ozone oven to increase the work function of 
the ITO and hence facilitate hole injection, as described elsewhere. A 60 nm poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) layer was spin-coated onto 
the ITO and then baked in air at 120 °C for 1 h and next in an argon-filled glove box at 120 
°C for another 30 min. Blends of 4,4’-bis(9-carbazolyl)-biphenyl (CBP) and 1, 2, 5 and 10 
wt. % of SM 1 – SM 4 in chlorobenzene solutions were spin-coated on top of the PEDOT: 
PSS layer in the argon-filled glove box. The combined concentration of the CBP and guest 
material was kept constant at 9 mg mL–1. The solution was spin-coated at 4000 rpm for 
60 s. The fabricated structure was then annealed at 60 °C for 30 min. The samples were 
transferred to a thermal evaporator within the glovebox following the annealing step, and 
the 4,7-diphenyl-1,10-phenanthroline (BPhen), LiF, and Al layers were deposited 
sequentially by thermal evaporation at a base pressure of ~ 1 × 10–6 Torr. The OLEDs were 
characterized by monitoring their electroluminescence (EL) spectra and brightness as a 
function of the applied voltage, and the luminous and power efficiencies were determined. 
Computational Details 
All of the calculations on these oligomers studied in this work were studied using the 
Gaussian 03W with the GaussView 4 GUI interface program package. All electronic 
ground states geometries were optimized using density functional theory (DFT) employing 
an SVP functional and a 6-31G* basis set. Excited states were generated through time-
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dependent density functional theory (TD-DFT) applied to the optimized ground state for 
each oligomer. The HOMO, LUMO, bandgap, first ten excited states, and UV-Vis 
simulations were generated from these excited computations. All computations were 
performed using Gaussian 09 using the Marcy cluster provided by the MERCURY 
consortium. 
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Supporting information 
 
 
 
 
 
Figure 28: Thermal gravimetric analysis of Small Molecules 1-4 
under air at 20 °C per minute. 
Figure 29: Solution UV-Vis for small molecules 1-4 in dilute 
chloroform solutions 
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Figure 30: Differential scanning calorimetry for Small Molecules 1-4 under air at 20 °C per minute 
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SI Figure 15: Cyclic Voltammograms of SM 1-4 
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SI Figure 16: 1H NMR of 4-octylphenyl boronic ester 
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SI Figure 17: 1H NMR of 2-bromofluorene 
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SI Figure 18: 1H NMR of 2-bromo-9,9-dioctylfluorene 
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SI Figure 19: : 1H NMR of 2-boronic ester-9,9-dioctylfluorene 
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SI Figure 20: : 1H NMR of 2-bromo-9,9-dihexyllfluorene 
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SI Figure 21:  1H NMR of 9,9-dihexylfluorene-2-carboxylic acid 
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SI Figure 22: 1H NMR of 9,9-dihexylfluorene-2-acid chloride 
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SI Figure 23: 1H NMR of monomer 6 
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SI Figure 24: 13C NMR of monomer 6 
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SI Figure 25: 1H NMR of SM 1 
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SI Figure 26: 1H NMR of SM 2 
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SI Figure 27: 13C NMR of SM 2 
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SI Figure 28: 1H NMR of SM 3 
  
105 
 
 
 
SI Figure 29: 13C NMR of SM 3 
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SI Figure 30: 1H NMR of SM 4 
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SI Figure 31: 13C NMR of SM 4 
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CHAPTER FOUR: EVALUATING THE IMPACT OF FLUORINATION ON THE 
ELECTRO-OPTICAL PROPERTIES OF CROSS-CONJUGATED 
BENZOBISOXAZOLES 
Section 1: Abstract 
Six 2,4,6,8-tetrarylbenzo[1,2-d:4,5-d’]bisoxazoles (BBOs) were synthesized; three 
bearing phenyl substituents at the 2- and 6-positions and three bearing perfluorophenyl 
groups at those positions. The influence of perfluoro-aryl group substitution on the 
physical, optical, and electronic properties of 2,4,6,8-tetrarylbenzo[1,2-d:4,5-
d’]bisoxazoles (BBO) were evaluated using both experimental and theoretical methods. 
The density functional theory (DFT) model was found to be well-matched to the 
experimental optical data as evidenced by the UV-vis spectra. Both cyclic voltammetry 
(CV) and ultraviolet photoelectron spectroscopy (UPS) were used to determine the position 
of the HOMO with varying results. The values obtained by CV were deeper than those 
obtained via UPS and correlated well with the theoretical calculations. However, the UPS 
values were more consistent with the expected outcomes for a system with segregated 
frontier molecular orbitals (FMOs). The UPS results are also supported by the electrostatic 
potential maps which indicate that the electron density within the LUMO and HOMO is 
nearly completely localized along the 2,6- or 4,8-axis respectively. The summation of the 
results indicates that strongly electron-withdrawing groups can be used to selectively tune 
the LUMO level with minor perturbation of the HOMO, something that is challenging to 
accomplish in typical donor-acceptor systems.  
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SECTION TWO: INTRODUCTION 
Cross-conjugated organic molecules are a unique class of organic semiconductors 
that have spatially segregated frontier molecular orbitals (FMOs), allowing for semi-
selective tuning of the highest occupied molecular orbital (HOMO) or the lowest 
unoccupied molecular orbital (LUMO) via structural modification.223 As a result, these 
“cruciforms” are useful materials for fundamental research on structure-property 
relationships in organic semiconductors. At the same time, they are promising materials 
for a range of applications including molecular electronics,201 organic field effect 
transistors (OFETs),224 organic light emitting diodes (OLEDs), sensors,205, 206, 225, 226 and 
organic solar cells (OSCs).227 All of these applications can benefit from the well-defined, 
defect-free nature of a molecular species. Additionally, the opportunities for bandgap and 
energy level engineering afforded by these systems is also very alluring as they can be 
optimized for use in specific applications. 
It has been well-established that an effective way to tune the FMOs and bandgaps 
of an organic semiconductor is by combining electron-donating and electron-withdrawing 
substituents within the same molecule.228-230 One way to increase the electron-withdrawing 
nature of a substituent is through fluorination. Due to fluorine’s electronegativity, the atom 
pulls electron density away from the aromatic π-system, stabilizing the FMOs. Such a 
lowering of the HOMO can increase the oxidative stability of the materials while lowering 
the LUMO can transform a p-type organic semiconductor into an n-type or ambipolar 
one.231 The small atomic radius of fluorine is minimally disruptive on the structure, but the 
polar nature of the carbon-fluorine bond increases the dipole moment, modifies the 
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intramolecular interactions, and potentially enhances charge transport.232, 233 Furthermore, 
the quadrupole moments of perfluorinated acenes are opposite in sign of the analogous 
acenes, thus significantly tuning the orbital energetics and intermolecular overlaps.234-236 
Most interestingly, fluorination has been shown to impact the optical transitions of 
conjugated organic molecules greatly; however, the nature of this modification varies 
depending on the nature of the molecule.233, 237 For example, in comparison to the 
corresponding non-fluorinated derivatives, bathochromic shifts in the absorption spectra 
were observed for fluorinated oligothiophenes,238 while hypsochromic shifts were seen for 
oligoacenes.231, 237 
In this work, we evaluated the impact of fluorine substitution on a series of 
benzo[1,2-d:4,5-d′]bisoxazole (BBO)-based cruciforms (CHART 1). As a result of the 
two, non-equivalent conjugation axes within this system, the nature, and placement of 
substituents can significantly impact either the HOMO level or the LUMO level semi-
independently.115, 146, 147, 203-205 Specifically, the electron density of the HOMO is localized 
along the 4,8-axis when electron-rich substituents are placed there. Whereas, the electron 
density of the LUMO is localized along the 2,6-axis when less electron-rich substituents 
are placed there.115 However, in previous studies, the impact of strongly electron-
withdrawing groups were not investigated. It is our hypothesis that the incorporation of 
such a group would enhance the spatial segregation of the FMOs. Within these systems, 
Chart 1: Number and labeling for the benzobisoxazole cruciforms 
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we see near complete segregation in some instances, thus demonstrating the potential of 
this approach for the design of tunable conjugated materials. 
SECTION THREE: RESULTS AND DISCUSSION 
 
Scheme 3: Synthesis of the BBO-based small molecules 
 The synthetic approach for the BBO small molecules is shown in SCHEME 3. The 
small molecules were made using our traditional approach in which the aryl 
substituent along the 2,6-axis is introduced via condensation of 3,6-diamino-2,5-
dibromohydroquinone 1 with either benzoyl chloride or pentafluorobenzoyl chloride 
to afford compounds 2 and 3 with yields of 48% and 36% respectively. In our 
previous work, compound 2 was obtained in a meager yield (23%).239 In this 
instance we were able to increase the yield by refluxing the crude product in ethanol 
to remove 2,5-diamino-3,6-dibromocyclohexa-2,5-diene-1,4-dione from the 
relatively insoluble product 2. The perfluorophenyl substituted product, 3, can be 
recrystallized from acetone due to its polar nature and good solubility. The low 
yields of the BBO synthons is a result of the extreme temperatures needed to drive 
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the condensation reaction 
forward (180 °C), which 
can cause the 
decomposition of 1. 
Additionally, the water 
produced from the reaction 
can hydrolyze the acid 
chlorides further 
decreasing yields. The 
second step of the synthesis 
is the Suzuki cross-
coupling reaction of 2 and 3 
with the boronic esters 4, 5, 
or 6 to generate SM 1 – 6. 
Each molecule was treated 
with a standard workup 
followed by purification via 
column chromatography to 
remove residual catalyst, unreacted boronic ester and remaining deborylated arene. 
A subsequent column and precipitation into methanol at -78 °C was employed to 
purify the molecules further. Small molecules 3 – 6 were soluble in chlorinated 
solvents while SM 1 and SM 1-F had limited solubility. The structures of the 
Figure 31: Strucures of the BBO cruciforms
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molecules were confirmed using 1H nuclear magnetic resonance (NMR) 
spectroscopy and high- resolution mass spectrometry (HRMS).  Due to a large 
number of fluorine atoms, lack of a two-channel decoupler, and limited solubility 
13C NMR spectroscopy was not performed on SM 1, SM 1-F, SM 2-F, and SM 3-
F. The thermal properties were studied using thermogravimetric analysis under 
nitrogen at a heating rate of 10 °C. Each small molecule showed high thermal 
stability with the 5% weight loss temperatures ranging from 228 °C to 396 °C, as 
shown in FIGURE 37-38. Interestingly, the non-fluorinated BBOs had excellent 
thermal stability while the fluorinated BBOs had decomposition temperatures that 
were on average 100 degrees lower. Nonetheless, all materials are stable enough for 
potential use in OLED or OPV applications. 
Experimental and theoretical optical properties 
The photoluminescence spectra of the BBO cruciforms in solution are shown in 
FIGURE 32, and the thin film emission spectra are shown in FIGURE 40 (SI). The 
data are summarized in Table 1. The influence of aryl group substitution can be 
evaluated by examining the emission spectra for the respective phenyl (SM 1, SM 
2, and SM 3) and perfluorophenyl (SM 1-F, SM 2-F, and SM 3-F) families. The 
phenyl substituted BBOs SM 1, and SM 2 both exhibited blue emission, with SM 2 
exhibiting a bathochromic shift of 15 nm. This observation is a result of the 
increased conjugation length of the fluorenyl substituents along the 4,8-axis of SM 
2 versus the phenyl substituents along the same axis of SM 1. The emission for SM 
3 was red-shifted relative to both SM 1 and SM 2 due to the greater donor strength 
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of the carbazolyl group which increased charge transfer. The emission maxima for 
the perfluorophenyl BBOs SM 1-F, SM 2-F, and SM 3-F were all red-shifted by an 
average of 45 nm from their analogous phenyl-substituted BBOs. This is a result of 
the enhancement of the CT character of the excited state, due to the increase of the 
spatial separation of the HOMO and LUMO, as shown in FIGURE 36. The quantum 
yields for all of the small molecules are shown in TABLE 8. In each case, the 
perfluorophenyl substituted BBOs SM 1-F, SM 2-F, and SM 3-F had lower 
quantum yields in comparison to their phenyl counterparts. The fluorine substitution 
also caused an overall decrease in both the absorption and radiative decay. As seen 
in Table 1, the molar absorptivity decreased up fluorination which caused a decrease 
in the rate of radiative decay in each set of the molecules while maintaining little to 
no change in the rate of non-radiative decay as seen in FIGURE 42(SI). The 
Figure 32: Solution photoluminescence plots of SM 1 to SM 3-F in chloroform 
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perfluorophenyl-based BBOs also exhibited longer fluorescence lifetimes 
drastically, nearly doubled in each case. The increased lifetime echoes our previous 
statement on the increased CT state especially in the case of the 3-linked carbazole 
molecules (SM 3, SM 3-F). The direct conjugation of the nitrogen in combination 
with the more spatially segregated LUMO allows for more efficient ICT, which is 
seen by electro-optical data in TABLE 8, and supported by the calculated oscillator 
strengths for each series. A phenomenon that is not ideal for OLEDs but may benefit 
OPV materials.  
 The solution UV-vis spectra of the BBO cruciforms in chloroform are shown 
in FIGURE 33 and are plotted with their simulated counterparts in FIGURE 34. 
The thin film absorption spectra are shown in FIGURE 39 (SI) The experimental 
data is summarized in TABLE 8 along with the computational results. Overall, the 
Figure 33: Solution UV-vis plots of SM 1 to SM 3-F in chloroform 
  
116 
calculated peak maxima show good match (~40 nm) to the experimental values. The 
influence of fluorination can be evaluated by examining the absorbance spectra for 
the respective phenyl and perfluorophenyl pairs (SM 1/SM 1-F, SM 2/SM 2-F, and 
SM 3/SM 3-F) as well as their families.  We will begin by looking at each system 
is followed by a discussion of pair differences in which only those simulated excited 
states with oscillator strengths (f) of 0.34 or higher will be compared to experimental 
spectra. 
Only those DFT states for which the oscillator strength was deemed significant (f ≥ 0.34) were recorded. The experimental peak maxima and the highest 
oscillator strengths are bolded. 
 
In the case of SM 1, there are three excited states which adhere to the criteria stated 
above: 385.10 nm (f = 0.69), 342.22 nm (f = 1.09) and 291.64 nm (f = 0.91). The 
simulated spectrum which takes these as well as the other lowest 15 excited states 
(see SI FIGURE S24) predicts peaks at 350 nm and 299 nm which are quite close 
to the experimental values of 356 nm and 293 nm, respectively. For SM 1-F, four 
excited states are found to be significant contributors to the simulated spectrum 
where three (321.4 nm, 317.4 nm, and 300.8 nm) led to a single intense peak, and 
the fourth is a broad low energy peak centered around 426.6 nm. The experimental 
 Solution DFT Excited States Film 
BBO  
λ𝑚𝑎𝑥
Em  
(nm) 
Egopt (eV) 
λ𝑚𝑎𝑥
abs  (nm) 
  
(M-1 cm-1) 
1 
(nm) 
f 
2 
(nm) 
f 
3 
(nm) 
f 
4 
(nm) 
f 
λ𝑚𝑎𝑥
abs  
(nm) 
λ𝑚𝑎𝑥
Em  
(nm) Exp’t DFT 
SM 1 31 430 2.90 3.03 293, 356 47800 385 0.69 342 1.09 291 0.91 − − 355 438 
SM 1-F 25 445 2.70 2.91 287, 339 33600 426 0.39 321 0.67 317 0.43 300 0.99 354 487 
SM 2 72 443 2.70 2.96 273, 329, 364 62400 419 0.96 349 1.07 327 1.16 − − 335 471 
SM 2-F 37 486 2.50 2.56 329, 426 55800 485 0.59 344 1.39 331 0.50 328 0.46 330 513 
SM 3 42 473 2.60 2.83 270, 304, 342, 357, 397 61600 437 0.49 344 1.23 313 0.49 309 0.54 346 486 
SM 3-F 33 535 2.30 2.38 275, 322, 418 59000 521 0.34 334 1.01 322 0.60 322 0.35 460 531 
Table 8: Optical and electronic properties for BBO cruciforms and predicted excited states. 
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spectrum, however, shows two peaks of nearly equal intensity where one is at 287 
nm and a second with a shoulder at 339 nm. When compared to the predicted excited 
states, there is a 13.3 nm difference between the higher energy peaks and a 20 nm 
difference between the experimental lower energy peak and the averages of the 321 
nm and 317 nm excited states.  The experimental spectra for SM 1 and SM 1-F 
possess nearly identical high energy bands, but the intensity and profile of the lower 
energy peaks differ (FIGURE S23). These results indicate that the aryl substituents 
more influence the higher energy states along the 4,8-axis for this set of cruciforms 
and the inclusion of the five fluorine atoms leads to a blue-shift and repression of 
absorptivity for the lower energy peak. 
In the case of SM 2, there are three excited states which adhere to the criteria 
stated above in which the two most substantial (327 and 349 nm) are quite close to 
the experimental peaks (329 nm and 364 nm). However, the third excited state at 
419 nm is a shoulder in the simulated spectra, that is absent from the experimental 
spectra. For SM 2-F, the simulated spectrum displays a peak maximum of around 
Figure 34: A comparison of the simulated and experimental UV-vis spectra of SM 1 to SM 3-F in chloroform 
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338 nm which is less than 10 nm from the 329 nm experimental peak. The computed 
excited states indicate this 338 nm peak is produced from three excited states (344.7 
nm, 331.2 nm, and 328.3 nm). Additionally, there was a less intense broad peak 
around 485 nm (f = 0.59 versus f = 1.39 for max), which is red-shifted and less 
intense than the higher energy peak seen in the experimental spectrum at 426 nm.  
Similar to the case for the SM 1 and SM 1-F pair, both SM 2 and SM 2-F possess 
a similar high energy peak and share the same 329 nm wavelength maximum. With 
regards to their lower energy peaks, SM 2 and SM 2-F differ for both experimental 
and simulated spectra where, again, the inclusion of the perfluorophenyl group 
results in a blue-shifted peak. 
In the case of SM 3, there are three excited states with significant oscillator 
strengths (344.0 nm, 313.8 nm, and 309.1 nm) which contribute to the predicted 
spectral maximum at ~323 nm. The simulated spectrum also displays a lower energy 
shoulder at 437 nm which is consistent with the low-energy peak in the experimental 
version although the latter is much more red-shifted. The experimental spectrum has 
a high energy shoulder (270 nm) as well as three distinct peaks (304 nm, 342 nm, 
and 357 nm) and a wide low energy peak 397 nm. Finally, for SM 3-F the simulated 
spectrum predicted a peak maximum at 331 nm which was only 9 nm different from 
the experimental value.  This peak is generated from three excited states (334.9 nm, 
322. 5 nm, and 322.1 nm). Additionally, a broad low peak is predicted at 521.8 nm. 
The experimental UV-vis spectrum has two peaks, one small, high energy peak at 
275 nm and an intense peak at 322 nm. Moreover, there was one weak and broad 
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peak at 418.5 nm, although significantly blue-shifted compared to the simulated 
spectrum, is nonetheless, consistent with overall spectral trends. Unlike the previous 
pairs, there is a lack of similarity between the high energy peaks for SM 3 and SM 
3-F in the experimental spectra. This result is likely due to the structural differences 
of SM 3 and SM 3-F relative to the other cruciforms. Due to the connection at the 
3-position of the carbazole, these molecules are conjugated through the nitrogen 
atoms instead of carbon like the others. 
An analysis of the families provided an insight into the impact of aryl substitution 
along the 4,8-axis on the UV-Vis spectra. For both families, the absorption spectra 
were affected by conjugation length, and a bathochromic shift was observed for the 
fluorene substituted BBOs. The simulated absorption spectra for the phenyl 
substituted BBOs SM 1, SM 2 and SM 3; all differed in peak band structures, 
FIGURE S30. Conversely, the simulated absorption for the fluorinated family, SM 
1-F, SM 2-F, and SM 3-F all featured a strong, higher energy peak and a smaller 
low energy peak, Fig S32. This indicates that the chromophore resulting from the 
pentaflurobenzene group is responsible for the high energy peak.   We are also able 
to see the similar trends between conjugation length and absorption spectra within 
the experimental data for the perfluorophenyl substituted BBOs. Unfortunately, the 
morphology of the peaks within the experimental spectra for the phenyl family 
differs dramatically from the theoretical making comparisons between the series a 
challenge. We believe this to be a result of contributions from different 
chromophores arising from the various conformations these structures can adopt in 
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combination with the vibronic coupling for specific transitions within the 
cruciforms.115 Thus while several aspects of the absorption spectra can be predicted, 
the possibility for multiple conformations makes it difficult to predict the complete 
spectrum for the small molecules. 
The further elucidate the origins of the peaks in the simulated UV-Vis spectra a 
detailed examination of the molecular orbitals which gave rise to each transition for 
the excited states possessing oscillator strengths of 0.34 or higher was performed.  
The details of this study are given in the SI pages S51-S56 and summarized in 
TABLE 9. The nature of the transitions is categorized as either intramolecular 
charge transfer (ICT) or local excitation (LE). ICT is defined as a significant 
redistribution of electron density from a location within a molecule to another, 
whereas a lack of redistribution within the molecule, is indicative of LE. In the case 
of the SM 1/SM 1-F pair, we see a change in transition type from LE to ICT which 
is due to a reduction in the symmetry of the molecule. For the other BBO pairs, 
perfluorinated does not change the nature of the transition type for each significant 
excited state, and hence there was no clear pattern observed.  
BBO 
ES ES ES ES 
f Type f Type f Type f Type 
SM 1 0.69 LE 1.09 LE 0.91 LE   
SM 1-F 0.39 ICT 0.67 ICT 0.43 ICT 0.99 LE 
SM 2 0.96 ICT 1.07 LE 1.16 LE   
SM 2-F 0.59 ICT 1.39 LE 0.50 ICT 0.46 ICT 
SM 3 0.49 ICT 0.49 LE 1.23 LE 0.54 LE 
SM 3-F 0.34 ICT 1.01 LE 0.60 LE 0.35 ICT 
Table 9: Transition types (ICT versus LE) of the BBO cruciforms For predicted excited states with (f ≥ 0.34 )of 
the BBO cruciforms.  
Experimental and theoretical electrochemical properties 
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The experimental bandgaps of SM 1 to SM 3-F were determined two ways: from 
the onset on the absorption spectra (TABLE 8) and via cyclic voltammetry (CV), 
(Table 3). The redox graphs are located in the SI. Although the absolute values 
varied based on the 
technique used, they were 
within the typical margin 
of error expected.212 The 
trends in the size of the 
bandgaps within families 
SM 3 < SM 2 < SM 1 and 
SM 3-F < SM 2-F < SM 
1-F were also consistent. 
Within the BBO pairs, the optical bandgaps for the fluorinated BBOs were smaller 
than the analogous phenyl derivatives. There was an absolute difference of 0.26 eV 
or less between the experimentally determined optical bandgaps and the theoretical 
bandgaps. However, the electrochemical data indicated an opposite trend in which 
the fluorinated BBOs had slightly larger bandgaps (EgEC) than the analogous phenyl 
derivatives. Although the small molecules each showed reversible oxidation and 
reduction processes, the LUMO measurement was difficult to determine as 
evidenced by the voltammogram shape of the reduction cycle. This contributes to 
error in the LUMO measurement and also impacts the bandgap. For this reason, we 
also characterized the small molecules via UPS, which provided an absolute 
Chart 3: Band diagram for the DFT computations in chloroform where the 
lower value is the HOMO level, the upper value is the LUMO level and the 
optical bandgap (determined from the first excited state) is in the middle.  
In each case the structure of the corresponding cruciform is given for 
clarity. 
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determination of the ionization potential, which can be correlated to the HOMO 
level.240-242 The data obtained from UPS confirms our hypothesis that changes along 
the 2,6-axis had a nominal impact on the position of the HOMO level as both the 
SM 1/ SM 1-F and SM 3/ SM 3-F pairs have the same values, TABLE 10. In the 
case of the SM 2/ SM 2-F pair, a small change is seen that was likely a result of the 
extended conjugation along the 4,8-axis. 
 Gas phase (UPS) Chloroform (CF) 
 HOMOa (eV) Dihedral angle () HOMOb (eV) LUMOc (eV) Egec (eV) Dihedral angle () 
BBO Exp’tc DFT 4,8-axis 2,6-axis Exp’tb DFT Exp’t Exp’t 4,8-axis 2,6-axis 
SM 1 -5.9 -5.66 148.2 175.8 -6.0 -5.91 -3.3 2.7 144.2 178.2 
SM 1-F -5.9 -6.06 152.7 139.4 -6.2 -6.14 -3.3 2.9 147.4 138.3 
SM 2 -5.7 -5.48 147.7 174.8 -5.7 -5.71 -3.2 2.5 144.3 177.4 
SM 2-F -5.9 -5.74 152.6 142.1 -5.8 -5.84 -3.2 2.6 148.2 142.7 
SM 3 -5.4 -5.23 149.7 175.0 -5.5 -5.47 -3.3 2.2 145.4 178.2 
SM 3-F -5.4 -5.47 155.1 142.7 -5.6 -5.58 -3.3 2.3 150.3 142.9 
Table 10: Electronic properties and dihedral angles of the BBO cruciforms. aDetermined by UPS spectroscopy. 
bHOMO= -(𝐄𝒐𝒏𝒔𝒆𝒕
𝒐𝒙  + 4.8) eV. cLUMO = -(𝐄𝒐𝒏𝒔𝒆𝒕
𝒓𝒆𝒅  + 4.8) eV. The electrochemical data of the benzobisoxazoles was 
collected using a platinum working electrode, acetonitrile, 0.1 M Bu4NPF6 as the electrolyte and a Ag/Ag+ 
reference electrode under an argon atmosphere. 
This trend was not seen in the gas phase calculation where the electron-withdrawing 
nature of the fluorine was predicted to have a significant impact on the HOMO level. 
Regardless of medium, calculations indicate that the fluorinated systems had deeper 
HOMO energies than their non-fluorinated counterparts. There was an excellent 
comparison between the theoretical determinations in chloroform and the CV 
measurements with a maximum absolute difference of 0.09 eV.  The trend for the 
HOMO level depth within families is SM 3 < SM 2 < SM 1 and SM 3-F < SM 2-F 
< SM 1-F. This trend is due to an increase in conjugation for SM 1 vs. SM 2 and 
SM 1-F vs. SM 2-F and an increase in both conjugation and donor behavior for SM 
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1 vs. SM 3 and SM 1-F vs. SM 3-F.  These findings are supported by the dihedral 
angle study and FMOs discussed below.   
Optimized ground-state geometries of the BBO’s cruciforms were obtained through 
density functional theory (DFT), and the dihedral angles are defined in FIGURE 35. The 
data is summarized in TABLE 10 and provides an indication of conjugation length within 
the BBO’s. Cruciforms in which the 
dihedral angle is closer to 180 
indicate that the system is more 
planar thereby facilitating π-
delocalization.  Regardless of the 
medium, within the BBO pairs, the 
dihedral angles along the 4,8-axis of 
the perfluorophenyl BBOs are more planar than their phenyl analogues. Conversely, the 
dihedral angles along the 2,6-axis of the perfluorophenyl BBOs are less planar than their 
phenyl analogs. For each family, the order of planarity in the gas phase along the 4,8-axis 
is SM 3 > SM 1 > SM 2 and SM 3-F > SM 1-F ~ SM 2-F which is mirrored by the 
chloroform results with the exceptions being SM 2-F and SM 1-F. This difference in the 
dihedral angles of SM 2-F and SM 1-F may be a result of the increased size of the fluorenyl 
group. There was no clear trend in the 2,6-axis dihedral angle within the families.  
The FMO charge distributions for the optimized structures are shown in FIGURE 
36, along with the calculated percentages of electron density along each axis.115 Overall, 
there were higher percentages of localization of the HOMO along the 4,8-axis and the 
Figure 35: Dihedral angle definitions for BBO cruciforms. 
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LUMO along the 2,6-axis. Within the cruciforms pairs, the perfluorophenyl BBOs had 
significantly higher percentages of localization along the 2,6-axis and slightly higher 
localization along the 4,8-axis than the phenyl analogs. This observed increase in 
localization of electron density further supports our theory that, within systems which 
demonstrate donor-acceptor behavior, the substituents along the 2,6-axis significantly 
impact the LUMO while nominally impacting the HOMO. Within the BBO families, the 
localization of the electron density in the HOMO increases as a function of the conjugation 
length of the aryl group along the 4,8-axis (SM 3 > SM 2 > SM 1 and SM 3-F > SM 2-F > 
SM 1-F), regardless of the medium used (gas or chloroform).  The opposite effect was seen 
for the LUMO of the perfluorophenyl series since the electron density decreases as a 
function of the conjugation length of the aryl group along the 4,8-axis (SM 1-F > SM 2-F 
> SM 3-F). For the cruciform pairs, the electron density within both the HOMO and LUMO 
is more localized for the pentafluorobenzene substituted BBOs than the phenyl substituted 
Figure 36: The frontier molecular orbitals for all materials are shown in which the percentages determined in 
vacuum are in red for the 4,8- and blue for the 2,6- axes.  Those in parentheses are for percentages determined 
in chloroform. The values were obtained using the formula on the left 
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BBOs SM 1-F > SM 1, SM 2-F > SM 2 and SM 3-F > SM 3.  The data also validated the 
trends in the HOMO energies and bandgaps discussed previously.   
Conclusions 
We synthesized, characterized and modeled a set of cross-conjugated materials 
based on a benzo[1,2-d:4,5-d′] bisoxazole moiety bearing phenyl, fluorenyl, and 
carboxyl aryl groups along the 4,8-axis and either phenyl or perfluorophenyl along 
the 2,6-axis.  The simulated model was found to be well-matched to the experimental 
optical and electronic data. Furthermore, all of the data supports the notion that the 
cruciform architecture of the BBOs provides a tunable platform as changes along 
the 2,6-axis have an only nominal impact on the HOMO levels. The perfluorophenyl 
substituents were also found to reduce the bandgaps which were consistent with the 
localization (higher percentage) of the electron density along the 4,8-axis for the 
HOMO and the 2,6-axis for the LUMO.  Unfortunately, the perfluorophenyl 
materials had lower quantum yields than the phenyl analogs and their emissions 
were found to be more green than blue thereby making them unusable in OLEDs. 
However, the bandgap reduction which resulted from the inclusion of an electron-
withdrawing group along the 2,6-axis may be utilized as a design principle in the 
future for materials which require a smaller bandgap (e.g., OPVs). 
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Experimental  
Computational Details 
Calculations on these molecules studied in this work were performed using the Gaussian 
09243 with the GaussView 6 GUI interface program package. All electronic ground states 
geometries were optimized using density functional theory (DFT) employing a B972 
functional and a 6-311G basis set and verified through a frequency calculation both with 
and without chloroform solvent inclusion through the conductor-like polarizable 
continuum model (CPCM).  The first 15 excited states and UV-vis simulations were 
generated through time-dependent density functional theory (TD-DFT) applied to the 
optimized ground state for each cruciform. The HOMO, LUMO and bandgap energies 
were also calculated from these ground state optimizations. The optical band's gap was 
approximated as the first excited state, which is the HOMO – LUMO transition.244 The 
output from the TDDFT computation was fit with a Gaussian curve through GaussVIew6 
software, and a UV-Vis simulated spectrum was produced. 
Materials  
Br-DAHQ 1245, polyphosphoric acid silyl ester (PPSE)32-33, 2,6-diphenyl-4,8-
dibromobenzobisoxzole115, 239 were synthesized according to literature procedures. 
Tetrahydrofuran (THF) and toluene were dried using an Innovative Technologies 
solvent purification system. All other chemical reagents were purchased from 
commercial sources and used without further purification unless otherwise noted.  
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Instrumentation 
Nuclear magnetic resonance (NMR) experiments were carried out in CDCl3 at 400 
or 500 MHz (1H), 101 MHz (13C) and 470 MHz (19F). In all spectra, chemical shifts 
are given in δ relative to tetramethylsilane. Coupling constants are reported in hertz 
(Hz). High-resolution mass spectra were recorded on a double-focusing magnetic 
sector mass spectrometer using ESI. Melting points were obtained on a melting point 
apparatus with 300 °C upper limit and are uncorrected. The electrochemical data of 
the benzobisoxazoles small molecules were collected using a platinum working 
electrode, 0.1 M Bu4NPF6 in acetonitrile as the electrolyte, platinum wire for the 
auxiliary electrode, an Ag/Ag+ reference electrode under an argon atmosphere and 
all recorded on an eDAQ e-corder 410. All solution UV-Vis and fluorescence 
spectra were obtained using 5x10-6 M CHCl3solutions in 10 mm pathlength quartz 
cells unless otherwise noted. Film UV-Vis spectra were obtained by spun-coated 
films of each molecule on 25-mm glass slides from solution concentrations of 5-10 
mg/mL. The glass slides were first cleaned by 30-minute sonications of distilled 
water, acetone and finally isopropanol. UV-Vis spectra were collected on a 
Shimadzu UV-1800 UV spectrophotometer. Photoluminescence spectra were 
obtained on a Varian Cary Eclipse spectrophotometer. Absolute solution 
fluorescence quantum yields were obtained using a HORIBA spectrophotometer 
Nanolog FL3-2iHR equipped with a Quanta-phi integrating sphere. Fluorescence 
lifetimes were carried out on a Life spec II spectrophotometer from Edinburgh 
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Instruments, equipped with a 405 nm picosecond pulsed diode laser with horizontal 
polarization. 
UPS process and characterization 
Ultraviolet photoelectron spectroscopy (UPS) was used to acquire the ionization potentials 
to approximate the HOMO values for each small molecule. All substrates (positively-
doped silicon; 10 x 10 mm2) had 40 nm of silver deposited via thermal evaporation. 
Samples were prepared by dissolution in chloroform at concentrations of 5 and 2.5 mg/mL 
and stirred for a minimum of 4 hours. Each sample was first filtered to remove potential 
aggregates and sequentially spin-coated under a nitrogen atmosphere at 2000 and 4000 rpm 
(2.5 mg/mL was only spun at 4000 rpm). Spectra were then acquired under ultra-high 
vacuum. The presented HOMO energies and corresponding standard deviations are 
determined by using all values obtained at random positions. 
General cross- coupling procedure for SM 1 – 3 and SM 1-F – 3-F via Suzuki reaction 
In a 3-necked RBF purged with argon, fitted with a condenser, monomers 2 or 3 (0.25 
mmol) and corresponding boronic ester (0.625 mmol) and were dissolved in degassed 
toluene. One drop of Aliquot 336 (surfactant) was added to the reaction flask, followed by 
2M sodium carbonate (6 mL, 12 mmol). The reaction solution was then deoxygenated for 
30 min by pumping argon through the solution. PEPPSI-iPr catalyst (0.0125 mmol) was 
added, and the reaction kept at reflux for 36 hours under argon. The solution was then 
diluted with chloroform and DI water to separate layers. Aqueous layers were extracted 
twice with chloroform (2 x 20 mL). The combined organic layers were washed with 1 M 
hydrochloric acid, water, brine and dried with magnesium sulfate. After concentration, the 
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residue was purified by column chromatography with silica gel (gradient hexanes to 50/50 
v/v hexanes/dichloromethane). The eluents were concentrated and dissolved in 1.5 – 5 mL 
of chloroform and precipitated into cold methanol (-78 °C). The resulting powder was 
taken through a second column by dry packing to silica, following the same gradient then 
precipitated into methanol to yield the corresponding small molecules. 
4,8-dibromo-2,6-bis(perfluorophenyl)benzo[1,2-d:4,5-d']bis(oxazole) (2) 
In a dried round-bottomed flask (RBF), a freshly prepared solution of 
polyphosphoric acid silyl ester (PPSE)175, 246 (5g of P2O5, 10 mL of 
hexamethyldisiloxane in 20 mL of o-DCB, was kept at reflux for one hour) and (1) 
were degassed for 20 minutes. Pentafluorobenzoyl chloride was added, and the 
solution was kept at reflux for 2 days under argon. The solution was allowed to cool 
to room temperature and precipitated into cold methanol (-78 °C). The precipitate 
was filtered and recrystallized from acetone to yield off-white needles (36%).  
M.P. 254 °C, 19F NMR (470 MHz, CDCl3) δ -135.08 (4F, d), -145.94 (2F, m), -
159.37 (4F, dd) HRMS (ESI) calcd for C20Br2F10N2O2 648.8245 [M + H]
 + found 
648.8237 
4,8-bis(4-(tert-butyl)phenyl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (SM 1) was 
synthesized according to the general Suzuki procedure from 2 and 4. The product was 
obtained as a white powder (80 mg, 55%) . 
M.P. >300°C, 1H NMR (500 MHz, CDCl3) δ 8.40 (4H, d, J=10 Hz), 8.35 (4H, 
bs), 7.69 (4H, d, J=5 Hz), 7.55(6H, bs), 1.46 (18 H, s) HRMS (ESI) calcd for 
C40H36N2O2 577.2855 [M + H]
 +, found 577.2838 
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4,8-bis(4-(tert-butyl)phenyl)-2,6-bis(perfluorophenyl)benzo[1,2-d:4,5-d']bis(oxazole) 
(SM 1-F) was synthesized according to the general Suzuki procedure from 3 and 4. 
The product was obtained as a light yellow powder (70 mg, 37%) . 
M.P. >300°C, 1 H NMR (500 MHz, CDCl3) δ 8.34 (4H, d, J=10 Hz), 7.65 (4H, d, J=10 
Hz), 1.42 (18H, s) 19F (470 MHz, CDCl3) δ -136.04 (4F, dd), -147.96 (2F, s), -160.06 (4F, 
dd) HRMS (ESI) calcd for C40H26F10N2O2 757.1913 [M + H]
 +, found 757.1933 
4,8-bis(9,9-dihexyl-9H-fluoren-2-yl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) (SM 
2) was synthesized according to the general Suzuki procedure from 2 and 5. The 
product was obtained as light-yellow flakes (128 mg, 57%) . 
M.P. 215 – 216°C, 1 H NMR (400 MHz, CDCl3) δ 8.49 (2H,dd, J=8, 4 Hz ), 8.45 (s), 
8.37 (m), 7.99 (d, J=8 Hz), 7.84 (d, J=8 Hz), 7.56 (d, J=4 Hz), 7.42 (m), 2.15 (m), 1.13 
(m), 0.95 (m), 0.75 (t, J=8, 4 Hz) 13C (101 MHz, CDCl3) δ 164.00, 151.84, 151.21, 146.96, 
141.61, 141.38, 138.95, 131.96, 131.66, 129.60, 129.32, 128.13, 127.85, 127.71, 127.33, 
125.39, 123.47, 120.48, 120.27, 115.34, 55.70, 41.17, 32.04, 30.52, 24.49, 23.20, 14.46 
HRMS (ESI) calcd for C70H76N2O2 977.5985 [M + H]
+, found 977.5963 
4,8-bis(9,9-dihexyl-9H-fluoren-2-yl)-2,6-bis(perfluorophenyl)benzo[1,2-d:4,5-
d']bis(oxazole) (SM 2-F) was synthesized according to the general Suzuki procedure from 
3 and 5. The product was obtained as a yellow powder (127 mg, 44%). 
M.P. 109 – 111°C, 1 H NMR (500 MHz, CDCl3) δ 8.45 (4H, m), 7.95 (2H, d, J=5 Hz), 
7.79 (2H, dd, J=10, 5 Hz), 7.41(2H, m), 7.37(4H, m), 2.09 (8H, m), 1.07 (28H, m), 0.81 
(4H, m), 0.72 (12H, t, J=15, 5 Hz) 19F (470 MHz, CDCl3) δ -135.91 (4F, s), -148.02 (2F, 
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s), -160.07 (4F, s) HRMS (ESI) calcd for C70H66F10N2O2 1157.5043 [M + H]
 +, found 
1157.5027 
4,8-bis(9-(heptadecan-9-yl)-9H-carbazol-3-yl)-2,6-diphenylbenzo[1,2-d:4,5-
d']bis(oxazole) (SM 3) was synthesized according to the General Suzuki procedure from 
2 and 6. The product was obtained as a bright yellow powder (144.8 mg, 52%). 
M.P. 130 – 132 °C, 1 H NMR (400 MHz, CDCl3) 9.29 (2H, d, J=4 Hz), 8.64 (2H, m), 
8.45 (4H, dd, J=8, 4 Hz), 8.32 (2H, m), 7.87 (2H, d J=8 Hz), 7.68 (2H, m), 7.58 (6H, m), 
7.52 (4H, m), 7.32 (2H, m), 4.69 (2H), 2.42 (4H, m), 2.03 (4H, m), 1.22 (48H, m) 0.84 
(12H, t, J=12, 4 Hz)  13C (101 MHz, CDCl3) δ 163.51, 146.53, 138.37, 131.34, 128.88, 
128.00, 127.79, 127.53, 125.72, 125.31, 124.27, 123.07, 122.43, 122.19, 120.63, 120.31, 
118.79, 114.52, 111.67, 108.91, 56.54, 33.92, 31.79, 29.51, 29.38, 29.23, 26.94, 22.61, 
14.06 HRMS (ESI) calcd for C78H94N4O2 1119.7455 [M + H]
+, found 1119.7479 
4,8-bis(9-(heptadecan-9-yl)-9H-carbazol-3-yl)-2,6-bis(perfluorophenyl)benzo[1,2-
d:4,5-d']bis(oxazole) (SM 3-F) was synthesized according to the general Suzuki procedure 
from 3 and 6. The product was obtained as an orange-yellow powder (113.3 mg, 35%). 
M.P. 216 – 218°C, 1 H NMR (500 MHz, CDCl3) 8.60 (2H, d, J=10 Hz), 8.14 (2H, dd, 
J=15, 5 Hz), 7.87 (2H, d, J=30, 5 Hz), 7.56 (2H, d, J=5 Hz) 7.39 (2H, d, J=10 Hz), 7.22 
(2H, m), 4.56 (2H, bs), 2.28 (4H, m), 1.89 (4H, m), 1.13 (44H, m), 0.97 (4H, m), 0.81 
(12H, t, J=10, 5 Hz) 19F (470 MHz, CDCl3) δ -135.08 (4F,m), -145.93 (2F,m), -159.36 
(4F,m)  HRMS (ESI) calcd for C78H84F10N4O2 1299.6513 [M + H]+, found 1299.6503 
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Synthesis of 2-(4-(tert-butyl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  
In an oven-dried RBF with a stir bar, 4-tert-bromobenzene (2.13 g, 1.73 mL, 10 mmol) 
was dissolved in dry THF (50 mL) and cooled down to -78 °C by acetone/dry ice bath. 
Then n-BuLi (4.4 mL, 11 mmol) was added dropwise and allowed to stir for one hour. 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.06 mL, 15 mmol) was added 
dropwise and allowed to warm to room temperature overnight. DI water was added to 
quench the reaction and allowed to stir for one hour. An additional 50 mL of water was 
added to the reaction mixture and then extracted with diethyl ether (3x50 mL). The 
combined organic layers were washed with brine and dried with sodium sulfate. The 
solution was filtered and reduced in-vacuo. The crude oil was purified by column 
chromatography (gradient hexanes to 80/20: hex/EtOAc) to yield white flakes (1.84 g, 71 
%)  
1H NMR (500 MHz CDCl3) 
1H NMR δ 7.77 (2H, d, j=8 Hz), 7.41 (2H, d, j=8 Hz), 1.34 
(12H, s), 1.22 (9H, s) 13C NMR (101 MHz, CDCl3) δ 154.31, 134.52, 124.51, 83.43, 77.16, 
34.71, 31.03, 24.67 
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9-(heptadecan-9-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole  
3-bromo-9-(heptadecan-9-yl)-9H-carbazole (1.70g, 3.51 mmol) was dissolved in dry THF 
(50 mL) and chilled to -78 °C. To the solution n-BuLi (1.54 mL, 3.87 mmol, 2.5M in 
hexanes) was added dropwise and allowed to stir for 30 minutes. 2-Isopropoxy-4, 4, 5, 5-
tetramethyl-1, 3, 2-dioxaborolane (1.07 mL, 5.28 mmol) was added dropwise over 5 
minutes and the solution was allowed to warm over room temperature and stirred 
overnight. The reaction was quenched with water and extracted with diethyl ether. The 
combined organic layers were washed with 1M HCl, water, brine then dried with sodium 
sulfate. The solution was filtered and solvent was removed in vacuo and product was 
purified via column chromatography (gradient hexanes to 50/50 hex/EtOAc) to afford a 
viscous colorless oil which crystallized overnight under vacuum (1.00 grams, 53% yield) 
1H NMR (300 MHz CDCl3) δ 8.72 (1H, d, j=9 Hz), 8.24 (1H, t, j=9, 6 Hz), 7.99, (1H, dd, 
j=15, 9 Hz), 7.66 (1H, d, j=6), 7.47 (m), 7.31 (1H, t, j=9, 6 Hz), 4.67 (1H, bs), 2.37 (2H, 
m), 1.96 (2H, m), 1.47 (12H, s), 1.24 (24H, m), 0.90 (6H, t, j=6) 13C NMR (126 MHz, 
cdcl3) δ 131.91, 131.35, 127.65, 127.42, 125.42, 124.97, 120.52, 120.19, 118.77, 111.50, 
110.80, 108.69, 108.10, 83.42, 77.16, 56.31, 33.56, 31.63, 29.26, 29.17, 29.03, 26.63, 
24.82, 22.48, 13.96. 
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SUPPORTING INFORMATION 
 
Thermal Gravimetric Analysis 
 
 
Figure 37: Thermal gravimetric analysis (TGA) was performed using a TA Instruments TGA Q50 machine, at a 
scan rate of 10 °C/min under a nitrogen atmosphere a) SM 1, b) SM 1-F, c) SM 2, d) SM 2-F, e) SM 3, and f) SM 
3-F heating at a scan rate of 10 °C/min under a nitrogen atmosphere 
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Thermal Gravimetric Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38: Combined thermogram of SM 1 - SM 3F 
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Film UV-Vis and Photoluminescence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39: Film UV-Vis for SM 1 to SM 3-F on glass 
Figure 40: FILM Photoluminescence for SM 1 to SM 3-F on glass 
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Cyclic Voltammetry 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41: Cyclic voltammograms of SM 1 to SM 3-F 
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Photoluminescence Lifetime 
 
 
 
 
 
 
 
 
B1, B2 represents the weighting parameters of each lifetime. 
The data was obtained as an exponential decay function, except the cases of 
SM 2-F and SM 3-F were obtained as biexponential decay functions by the 
following equations. 
𝐼(𝑡) = 𝐵1𝑒
−
𝑡
𝜏1 + 𝐵2𝑒
−
𝑡
𝜏2 
 
τ𝑎𝑣𝑔 =(B1τ1 + B2τ2)/(B1+B2) 
 
 
 
 
 
Molecule B1 τ1 (ns) B2 τ2 (ns) τavg (ns) 
SM 1 0.251 2.05 - - 2.05 
SM 1-F 0.249 2.60 - - 2.60 
SM 2 0.278 1.42 - - 1.42 
SM 2-F 0.078 
(19.49%) 
1.98 0.173 
(80.51%) 
3.69 3.14 
SM 3 0.244 3.46 - - 3.46 
SM 3-F 0.131 
(25.57%) 
4.78 0.268 
(74.43%) 
6.62 6.01 
Figure 42: Fluorescence Lifetimes of molecule solutions in chloroform. 
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Figure S24: SM 1 vs SM 1-F Experimental Comparison 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S25: SM 1 vs. SM 1-F Theory Comparison 
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Figure S26: SM 2 vs SM 2-F Experimental Comparison 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S27: SM 2 vs. SM 2-F Theory Comparison 
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Figure S28 SM 3 vs SM 3-F Experimental Comparison 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S29: SM 3 vs. SM 3-F Theory Comparison 
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Figure S30: SM 1, SM 2, SM 3 Experimental Comparison (Phenyl 
family) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S31: SM 1, SM 2, SM 3 Theory Comparison (Phenyl family) 
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Figure S32: SM 1-F, SM 2-F, SM 3-F Experimental Comparison 
(Perfluoro family) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S33: SM 1-F, SM 2-F, SM 3-F Theory Comparison (Perfluoro 
family) 
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SI Figure 32: 1H NMR of 4,8-dibromo-2,6-bis(perfluorophenyl)benzo[1,2-d:4,5-d']bis(oxazole) (2) 
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SI Figure 33: 1H NMR of Synthesis of 2-(4-(tert-butyl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  
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SI Figure 34: 13C NMR of Synthesis of 2-(4-(tert-butyl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  
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SI Figure 35: 1H NMR of 9-(heptadecan-9-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole 
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SI Figure 36: 13C NMR of carbazole boronic ester 
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SI Figure 37: 1H NMR of SM 1 
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SI Figure 38: 1H NMR of SM 1-F 
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SI Figure 39: 19F NMR of SM 1-F 
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SI Figure 40: 1H NMR of SM 2 
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SI Figure 41: 13C NMR of SM 2 
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SI Figure 42: 1H NMR of SM 2-F 
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SI Figure 43: 19F NMR of SM 2-F 
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SI Figure 44: 1H NMR of SM 3 
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SI Figure 45: 13C NMR of SM 3 
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SI Figure 46: 19F NMR of SM 3-F 
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SI Figure 47: 19F NMR of SM 3-F 
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Local Excitations(LE) vs. Intramolecular Charge Transfer(ICT) from the MO 
transitions 
For each set the MO transitions giving rise to excited states with f  0.34 are shown.  The 
energy (eV), wavelength (nm) and oscillator strengths (f) are giving in between the initial 
and final MO involved in the transition.  Below each transition is the percentage of the 
contribution it has for a given excited state.  A dashed box is indicative of the set of 
transitions which are involved for an excited state. 
SI Figure 48: SM 1 vs SM 1-F, FMO diagrams  
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SM 1 versus SM 1-F 
For all SM 1 and SM 1-F excited states, there was only one molecular orbital transition 
identified.  Only local excitations (LE) were found for the three transitions which had 0.34 
and above oscillator strengths.  On the other hand, for SM 1-F, the lowest excitations show 
more localized electron density in going from HOMO and HOMO-1 to LUMO which 
indicative of intramolecular charge transfer (ICT).  However, the SM 1-F excited state 
possessing the largest oscillator strength (H → L+1 with f =0.99) possessed more 
delocalized electron density.   
 
SM 2 vs. SM 2-F 
 
 
SI Figure 49: SM 2 FMO diagrams 
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For SM 2 versus SM 2-F 
For SM 2, both local excitations and intramolecular charge transition type transitions were 
found.  The lowest lying excited state possessed one transition, and it was mostly ICT in 
nature.  There were two transitions (H-2 → L and H → L+2) for the other two excited 
SI Figure 50: SM 2-F, FMO diagrams 
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states where both were due to LE.  In the case of SM 2-F, there four excited states with 
0.34 and higher oscillator strengths.  The lowest state (f=0.59) was due to ICT where the 
state with the highest oscillator strength (f=1.39) was due to LE. The two highest states 
were due to 3 and 4 transitions, respectively.  The two transitions which contributed the 
most to these remaining states were both ICT in nature.  
SM 3 vs. SM 3-F 
 
 
SI Figure 51: SM 3 FMO diagrams 
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For SM 3 versus SM 3-F 
For both SM 3 and SM 3-F, there were four excited states which carried 0.34 oscillator 
strengths and higher.  The lowest excited state (f=0.49) for SM 3 was an ICT type 
transition; however, the excited state with the largest oscillator strength (f=1.23) was LE in 
nature.  The two remaining excited states possessed more LE type transitions for their main 
contributors.  For SM 3-F, as was the case for SM 3, the lowest excited state was due to 
ICT transition H → L.  The state with the largest oscillator strength possessed an LE for 
its primary transition.  The remaining two states had primary transitions which were LE 
(for f=0.60) and ICT (for f=0.35), respectively. 
SI Figure 52: SM 3-F. FMO diagrams 
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CHAPTER FIVE: INFLUENCE OF 2- VS 3- CARBAZOLE CONJUGATION ON 
THE OPTOELECTRONIC PROPERTIES OF BENZOBISOXAZOLE-BASED 
SMALL MOLECULES 
 SECTION ONE: ABSTRACT 
Five new cruciform small molecules based on the benzo[1,2-d:4,5-d′]bisoxazole 
moiety with adamantyl, phenyl, and fluorenyl substituents along the 2,6 axis and a 2- versus 
3- link carbazole unit along the 4,8 axis were synthesized, and the properties of the small 
molecules were evaluated experimentally. Single 4,8-axis conjugated small molecules 
yielded indigo-blue emissions at 433 and 455 nm in the film state, while doubling the 
conjugation through the 2,6-axis of benzobisoxazole considerably red-shifted the color to 
sky-blue/green color emission at 511 and 518 nm. Optical and electrical properties were 
altered depending on the amount of intramolecular charge transfer allowed to occur based 
on the linkage through carbazole or indirect conjugation to the nitrogen atom. The 
molecules exhibited excellent thermal stability, ranging from 291 °C to 431 °C. A sample 
series of organic light-emitting diode devices were made with 3-CZBF as the guest emitter 
at 2% and 10% concentrations. The OLEDs projected sky-blue emission at 470 nm with a 
useful brightness of over 2000 Cd/A at external quantum efficiencies of over 2%. This 
represents one of the highest luminance benzobisoxazole-based small molecules and with 
the highest efficiency at high guest concentrations. 
SECTION TWO: INTRODUCTION 
As of 2019, organic light-emitting diodes (OLEDs) have become a prominent 
technology for cell phones screens and television displays247. In those displays, they utilize 
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red, green and blue emitter that are relatively close in stability and color purity. Red and 
green emitters have been commercially viable for a long time, while blue emitters have 
struggled with significantly lower lifetimes due to high voltage requirements to give the 
same apparent brightness as red and green emitters157.  
Tremendous research has been conducted to achieve highly efficient materials, with 
crucial factors being poly-aromatic compounds infused with heteroatoms to increase 
charge mobilities and allow for proper energy level with host materials in the active layer 
of devices248-250. Introduction of heteroatoms, particularly nitrogen, has shown prominent 
success in achieving internal quantum efficiencies (IQE) of 100%, because nitrogen-
containing aromatics have narrow singlet-triplet gaps which allows them to utilize E-type 
delayed fluorescence, known as thermally-activated delayed fluorescence (TADF). The 
alternative is the use of heavy metal centers that utilize heavy spin-orbit coupling to access 
100% IQE251, 252 at the expense of costly materials. In either case, phosphorescent and 
TADF materials suffer from color purity due to wide emission bands, and efficiencies 
decrease at high brightness253, 254. The strict requirements of blue light, particularly the 
wide energy gaps, push researchers toward the design of molecules that do not utilize 
intramolecular charge transfer (ICT). Homo-polymers or small molecules tend to suffer 
from poor charge carrier mobilities255, which can be alleviated by incorporating the 
electron rich donor (D) with a suitable electron deficient acceptor (A). The D-A or D-π-A 
molecular design strategy has been proven to give tunable and good matching electrical 
properties256-258, but the design leads to strong cases of ICT, at the cost of color purity and 
typically bathochromic shifts in color emissions.  
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The use of the carbazole moiety has been extensively studied in both organic 
photovoltaics and OLEDs due to the well-established deep-blue emissions, strong charge 
transport, and varied synthon viability259. Carbazole is also compared as being the nitrogen 
analog of fluorene, except carbazole allows the possibility of an amine linkage or being 
functionalized at the 2- or 3- positions. The differences in linkage on carbazole allow for a 
wider variety of substituents that can also alter the electro-optical properties of the 
molecule. On the acceptor front, benzobisoxazole has been shown to be a widely tunable 
core piece123, 147, 260-263 due to being able to have conjugation through the central benzene 
ring or the oxazole rings.  
In this work, the author presents five new small molecules 2-CZBA, 2-CZBP, 3-
CZBA, 3-CZBP, and 3-CZBF with donor-acceptor-donor (D-A-D) design strategy to 
incorporate and show control of ICT by altering both the substitution on the 
benzobisoxazole and by changing the linkage to the carbazole moiety. The 3-link carbazole 
begins as the higher energy emitter at 433 nm emission but then flips to lower energy 
emission compared to the 2-link analog when conjugation is extended along the 2,6-axis 
of benzobisoxazole. Furthermore, a series of un-optimized host-guest OLED devices were 
made with 3-CZBF to start a benchmark for the series with a mid-range quantum yield of 
only 44%.   
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SECTION THREE: RESULTS AND DISCUSSION 
Synthesis and Characterization 
The benzobisoxazole monomers were 
first synthesized by building the 2,6 axis 
from an acid chloride condensation with 
2,5-diamino-3,6-dibromobenzene-1,4-
diol and the respective acid chlorides of 
adamantyl, phenyl, and fluorenyl 
substituents239. The 3-link carbazole 
monomer was made from non-
functionalized carbazole that underwent 
bromination, alkylation, then subsequent 
borylation in moderate yields. 
Unfortunately, the 2-linked carbazole 
monomer cannot be synthesized the same 
way; a functional handle must be installed 
on the molecule before transformation to carbazole. Typically, treating unsubstituted 
carbazole with a halogenation source will install the halogens at the 3,6 positions due to 
the para-directing effecting amine versus the phenyl.  By installing a nitro-group on a 
halogenated biphenyl, Cadogan et. al264 discovered that reduction of the nitro- group could 
occur with using triethylphosphite and high heat to yield a 2-functionalized carbazole. 
Forty years later, Freeman et. al169 implemented the use of triphenylphosphine as the 
Figure 43: Carbazole-BBO small molecules 
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reductant to give higher yields. Once the 2-halogenated carbazole has been made, then the 
same chemistry is used as for the 3-linked isomer for alkylation and borylation with no 
major observable differences in reactivity or yields.   After synthesis of the core piece, the 
di-brominated BBO monomers were then subjected to Suzuki cross-coupling reactions to 
produce the molecules 2-CZBA, 2-CZBP, 3-CZBA, 3-CZBP, and 3-CZBF (FIGURE 
43) in moderate yields ranging from 40%-68%. Each molecule was subjected to rigorous 
purification of a minimum of two rounds of column chromatography and precipitation into 
-78 °C and oven vacuum oven drying for 48 hours at 100 °C. All of the molecules exhibited 
solubility in common processing organic solvents chloroform, chlorobenzene, o-
dichlorobenzene and were characterized by NMR spectroscopy and high-resolution mass 
spectrometry. The thermal stabilities were measured by thermal gravimetric analysis with 
3-CZBA having the lowest at 291 °C and 2-CZBP having the highest at 431 °C. Both of 
the 2-linked carbazole small molecules for the adamantyl- and phenyl- substituents had 
higher thermal decomposition temperatures than the 3-linked carbazole molecules (406 > 
Scheme 4: BBO small molecules with 2- and 3- linked carbazole isomers 
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291 °C and 431 versus 304 °C) as seen in FIGURE 50, which shows that the increase in 
conjugation along the 4,8 axis helps the stability of the small molecules. 
Optical and Electrochemical Properties 
Optical properties of the small molecules were measured in toluene solution at 1x10-6 M 
solutions and in the film state on glass slides. The data for the optical properties is 
summarized in TABLE 11, and the spectra can be seen in FIGURE 45. Differences in the 
optoelectronic properties of the small molecules stem from the path of conjugation in one 
of many resonance structures as seen in FIGURE 44. Although they are isomers, the 
excited state properties drastically differ due to the length of conjugation and the impact of 
conjugation with/without the nitrogen atom of carbazole. Starting with the 2,6-adamantyl 
series, the absorption of 2-CZBA was 364 nm in a solution state and 371 nm in the film 
state, while 3-CZBA exhibited a higher energy absorption of 350 nm and 358 nm in the 
solution and film state, respectively. Both 2-CZBA and 3-CZBA exhibited violet 
emissions in toluene at 412 nm and 407 nm, respectively, but when in the film state, 2-
CZBA had a blue emission of 455 nm and 3-CZBA maintained an indigo-violet emission 
at 433 nm. The adamantyl-BBO small molecules had decent quantum yields at 68% for 2-
 SOLUTION FILM 
BBO 𝝀𝒎𝒂𝒙
𝒂𝒃𝒔 (𝒏𝒎) 𝝀𝒎𝒂𝒙
𝑬𝑴 (𝒏𝒎) ε 
 (M-1 cm-1) 
Φ τ 𝝀𝒎𝒂𝒙
𝒂𝒃𝒔 (𝒏𝒎) 𝝀𝒎𝒂𝒙
𝑬𝑴 (𝒏𝒎) 
2CZBA 364 412 99000 68 0.94 371 455 
2CZBP 329 453 126000 45 1.63 337 511 
3CZBA 350 407 66000 55 1.00 358 433 
3CZBP 341 468 56000 28 2.86 346 518 
3-CZBF 390 475 150000 44 2.43 381 550 
Table 11: Optical data for the small molecules, solutions were taken in dilute toluene solutions at 1x10-6 M 
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CZBA and 55% for 3-CZBA and similar lifetimes of 0.94 ns and 1.00 ns, respectively. 
The higher energy emission from 3-CZBA is most likely due to the shorter conjugation 
pathway from the nitrogen of one carbazole to the halfway carbon of the other carbazole 
but also from the minimal amount of intramolecular charge transfer (ICT) that can happen 
due to the lack of extended conjugation of the 2,6- axis of benzobisoxazole. However, the 
2-link isomer does not have the direct conjugation to the nitrogen atom, and a more 
extended conjugation stretches from one end of carbazole to the other end. Non-direct 
conjugation to the nitrogen atom of carbazole seems to reduce the amount of ICT that is 
occurring in the solution, since that strong ICT is known to reduce quantum efficiencies 
and bathochromic shift emissions in molecules265. The effects of ICT become more 
apparent when switching from adamantyl- to phenyl- substitution on the 2,6-axis of BBO 
and can be seen in the electro-optical properties. The addition of phenyl- allows for a 
second conjugation pathway and a more localized place for the LUMO to reside, as 
discussed in our previous work263, in which the HOMO and LUMO separation could be 
exaggerated when using electron deficient substituents on the 2,6 axis. For the UV-VIS 
studies, both 2-CZBP and 3-CZBP had hypsochromic shifts in the λmax at 329 nm and 341 
nm, respectively, with the additional conjugated moiety instead of alkyl. The film states 
Figure 44: Possible conjugation pathway comparison between 2-linked and 3-linked carbazole to BBO 
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had similar states, as graphed in FIGURE 48.  2-CZBP exhibited 41 nm bathochromic 
shift in the solution state and a 56 nm bathochromic shift in the film state, while 3-CZBP 
exhibited a 61 nm red shift in solution and an 85 nm red shift in the film state. Phenyl- 
substitution on the 2,6-axis of BBO increased the PL lifetimes from 0.94 ns to 1.63 ns for 
2-CZBP and for 3-CZBP from 1.00 ns to 2.86 ns, also while reducing the quantum yields 
by 30-50%. This supported the claim that the ICT state becomes stabilized when nitrogen 
is added into the conjugation pathway, allowing for more ways for energy to decay through 
non-radiative pathways. The final molecule of the series of 3-CZBF incorporates the use 
of fluorene along the 2,6- axis of benzobisoxazole to offer extended conjugation and act as 
a potential competing pathway for fluorescence. 3-CZBF had the most bathochromic shift 
photophysically compared to the other molecules in the series, but interestingly, the 
quantum yield increased to from 28% to 44%, and the lifetime reduced from 2.86 ns down 
to 2.43 ns by phenyl- to fluorenyl- substitution. The increase in conjugation length of the 
2,6-axis allowed for a substantial increase in molar absorptivity as well as providing a well-
known high-quantum efficienct fluorene 
Table 12: Measured energy levels for each small molecule. 
Figure 45: Solution UV-Vis and PL for the small molecules in dilute toluene 
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 The electrochemical properties of the small molecules were measured by cyclic 
voltammetry in the film state to determine the oxidation and reduction potentials for 
estimating the HOMO and LUMO values. The molecules exhibited reversible oxidation 
and reduction processes (see supporting information FIGURE 49). Cyclic voltammetry 
was performed in reference to Fc/Fc+ (ferrocene) as a correction, and the data is 
summarized in TABLE 12. Comparing across the families of molecules, the adamantyl- 
molecules had wider bandgaps, both electrochemically and optically, than both the phenyl- 
and fluorenyl- substituted  
FILM 
BBO HOMO LUMO EgEC Egopt EAEC 
2-CZBA -5.7 -2.7 3.0 2.92 2.8 
2-CZBP -5.5 -2.8 2.7 2.59 2.9 
3-CZBA -5.4 -2.6 2.8 2.99 2.4 
3-CZBP -5.3 -2.6 2.7 2.56 2.7 
3-CZBF -5.6 -3.5 2.1 2.58 3.0 
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BBOs molecules. The introduction of conjugation on the 2,6- axis reduced bandgaps, 
supporting the previous claim that cruciform conjugation allows for more ICT as the 
HOMO and LUMO frontier molecular 
orbitals begin to separate. The HOMO 
values for the 2- link isomers increase 
with conjugation, and so do those of 
the 3-link isomer until fluorene is 
added onto the 2,6- axis, then the 
HOMO decreases, suggesting that the 
HOMO frontier molecular orbital 
begins to pull away from the 
carbazole.  
Organic Light-Emitting Diodes 
The electroluminescence for the molecule 3-CZBF was evaluated in test OLED device 
with host-guest architecture. The device configuration was similar to our previous small 
molecule OLED work239 with ITO/PEDOT: PSS/GUEST: CBP(Host)/BPhen (40 
nm)/LiF(1 nm)/Al(100 nm). Indium tin oxide was used as the anode because of its 
transparency and high conductivity, followed by aqueous spin coating of PEDOT: PSS for 
Dopant 
Devicea 
Vonb 
[V] 
Drive 
Voltage 
[V] 
Current 
Density 
J, [mA/cm2] 
Brightness 
[Cd/m2] 
Efficiency [Cd/A, 
%EQEc] 
λmaxEL[nm] 
CIE 1931 
[x,y, y’] wt. % 
3-CZBF 
2.0 5.0 9.3 406 2022 3.75, 2.54 470 0.16,0.20,0.64 
10.0 4.3 10.4 795 2370 3.85, 2.12 470 0.17,0.27,0.56 
Table 13: Device Characteristics for 3-CZBF 
Figure 46: Energy level diagram for the small molecules\ 
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use as the hole transport layer. 4,4'-di(9H-carbazol-9-yl)-1,1'-biphenyl (CBP) was used as 
the wide-bandgap host material and spin coated from o-DCB with 3-CZBF at guest 
concentrations of 2% and 10% by weight. 4,7-diphenyl-1,10-phenanthroline (Bphen) was 
thermally evaporated onto the device to be used as the electron transporting layer/hole 
blocking layer, followed by evaporations of lithium fluoride and aluminum to act as the 
buffer layer and cathode, respectively. The doping percentages matched our previous work, 
reaching up to 10% (data summarized in TABLE 13). Interestingly, unlike our previous 
series with phenyl- and fluorenyl- substituents only, 3-CZBF exhibited some marked 
improvements when increasing the weight from 2% to 10%. The Von decreased from 5.0 
to 4.3 V, and although lower driving voltages are preferred, the driving voltage reached 
10.4 volts, showing the stability of the materials. Current density increased dramatically 
from 406 to 795 mA/cm2 when increasing the guest concentration, owing to a stabilization 
of the charge transport in the active layer. Both devices exhibited outstanding brightness 
Figure 47: Normalized electroluminescencce for 2% and 10% guest 
concentrations of 3-CZBF 
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over 2000 Cd/m2 at 2022 and 2370 Cd/m2 for the 2% and 10% devices, respectively, which 
overperformed the “usefulness” benchmarks of 100 and 1000 Cd/m2. The luminance 
efficiency also increased slightly from 3.75 Cd/A to 3.85 Cd/A with a slight decrease in 
the overall external quantum efficiency as the host emission decreases. The peak 
electroluminescence was recorded at 470 nm for both concentrations, as seen in the graphs 
in FIGURE 47, with the emission band exhibiting a slight bathochromic shift as the CBP 
emission decreases; this confirms efficient FRET is occurring between the host and guest. 
Typically, the BBO-based small molecules and polymers exhibited significant 
performance decreases moving past 2% weight doping due to severe aggregation-induced 
self-quenching with the small molecules performing better due to more steric interference. 
Despite the low quantum yield of only 44% for 3-CZBF, the OLED device performed 
reasonably well for an un-optimized solution-processable device, with a potential to have 
favorable performance beyond 10% guest concentration. Further characterization is 
required to determine efficiency roll-off and device stability.  
SECTION FOUR: Conclusion 
In conclusion, five novel materials, 2-CZBA, 2-CZBP, 3-CZBA, 3-CZBP, and 3-CZBF, 
were designed, synthesized, characterized, and theoretically evaluated as potential 
materials for photophysical studies and OLEDs. The combination of 2- versus 3- linked 
carbazole through the 4,8- axis along with adamantyl, phenyl and fluorenyl on the 2,6 axis 
showed diverse photophysical properties from deep-blue emission of 433 nm to green at 
550 nm depending on both the link of carbazole and which substituent was connected to 
the 2,6- axis. The lack of conjugation on the 2,6-axis led to a reduced ICT state and led to 
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both isomers of carbazole having higher quantum yields than with the cruciform 
conjugated molecules. 3-CZBF was incorporated into an OLED device and achieved EQEs 
of 2.54%/2.12% and brightness measurements of over 2000 Cd/m2. Early device tests show 
promising results for these materials to perform as highly efficient OLEDs, and that the 
decision to incorporate 2-D conjugation must be evaluated when designing materials for 
organic electronic applications. Further work is on-going to make devices and develop 
more materials to study the effects of 2-D conjugation and inclusion of heteroatoms in the 
conjugation pathway. 
SECTION FIVE: Experimental Methods 
Materials  
Br-DAHQ 1245, polyphosphoric acid silyl ester (PPSE)32-33, 2,6-diphenyl-4,8-
dibromobenzobisoxzole115, 239 and 2,6-di(adamantan-1-yl)-4,8-dibromobenzo[1,2-d:4,5-
d']bis(oxazole) were synthesized according to literature procedures. Tetrahydrofuran 
(THF) and toluene were dried using an Innovative Technologies solvent purification 
system. All other chemical reagents were purchased from commercial sources and used 
without further purification unless otherwise noted. 
 
 
 
 
 
Synthesis 
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2-bromo-9-octyl-9H-carbazole 
In a 250 mL RBF, 2-bromo-9N-carbazole (3.69 g, 15 mmol) was dissolved in acetone (100 
mL). Freshly crushed potassium hydroxide (1.6 g, 28.5 mmol) was added and was allowed 
to stir for five minutes. Tetrabutylammonium bromide (241 mg, 0.75 mmol) was added as 
a phase-transfer catalyst, and 1-bromooctane (3.88 mL, 22.5 mmol, @ density of 1.118 
g/mL) was immediately added to the reaction mixture. The flask was fitted with a reflux 
condenser and was allowed to reflux for six hours. The reaction was cooled down to room 
temperature and filtered from the residual potassium hydroxide. The acetone was removed 
by rotary evaporation, and the resulting oil as dissolved in minimal hexanes and purified 
by silica gel chromatography. The resulting light-yellow oil was then subjected to a basic 
alumina column to remove the yellow color and produced a viscous, colorless oil (3.87 
grams, 72% yield).  
1H NMR (400 MHz, CDCl3) δ 8.13 (1H, d, J = 4 Hz) 8.00 (1H, d, J = 8 Hz) 7.63 (1H, s) 
7.60 – 7.54 (1H, m), 7.49 – 7.39 (2H, m), 7.34 (1H, t, J = 4,8 Hz), 4.28 (2H, t, J =8 Hz), 
1.92 (2H, m), 1.40 – 1.34 (10H, m), 1.01 – 0.95 (3H, m). 
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9-octyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 
In a dried RBF, 2-bromo-9-(octyl)-9H-carbazole (1.79g, 5.0 mmol) was dissolved in dry 
THF (50 mL) and chilled to -78 °C. To the solution, n-BuLi (2.2 mL, 5.5 mmol, 2.5M in 
hexanes) was added dropwise and allowed to stir for 30 minutes. 2-Isopropoxy-4, 4, 5, 5-
tetramethyl-1, 3, 2-dioxaborolane (1.53 mL, 7.5 mmol) was added dropwise over 5 
minutes, and the solution was allowed to warm to room temperature and stirred overnight. 
The reaction was quenched with water and stirred for 20 minutes then extracted with 
diethyl ether. The combined organic layers were washed with water and brine, then dried 
with magnesium sulfate. The solution was filtered, the solvent was removed in vacuo, and 
product was purified via column chromatography (gradient hexanes to 50/50 hex/EtOAc) 
to afford an extremely viscous, off-white, partially translucent oil (1.41 grams, 70% yield). 
1H NMR (400 MHz, Chloroform-d) δ 8.11 (2H, m) 7.88 (1H, s), 7.69 (1H, d, J = 8 Hz), 
7.48 (1H, td, J = 8 Hz), 7.41 (1H, d, J = 8 Hz), 7.25 – 7.19 (1H, m), 4.34 (2H, t, J = 8 Hz), 
1.88 (2H, p, J = 8 Hz), 1.41 (12H, s), 1.37 – 1.18 (12H, m), 0.89 – 0.84 (3H, m). 
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3-bromo-9H-carbazole 
In an RBF covered in foil and fitted with an additional funnel, 9HN-carbazole (10.0 grams, 
59.8 mmol) was dissolved in DMF (30 mL) and chilled to 0 °C in an ice bath. Dissolved 
N-bromosuccinimide (10.7 grams, 60 mmol) in DMF (40 mL) was slowly added dropwise. 
The solution was allowed to warm to room temperature and stirred overnight. The solution 
was poured into 700 mL of DI water to precipitate the crude product. The precipitate was 
filtered and recrystallized from ethanol (300 mL and reduced to 150-200 mL) to yield a 
white powder (9.19 g, 62%). 
1H NMR (500 MHz, DMSO-d6) δ 11.42 (1H, s), 8.35 (1H, s), 8.16 (1H, d, J =10 Hz), 7.53 
– 7.48 (2H, m), 7.45 (1H, d, J= 10 Hz), 7.42 (1H, t, J= 5,10 Hz), 7.17 (1H, t, J= 5, 10 Hz). 
 
3-bromo-9-octyl-9H-carbazole 
The 3-linked isomer was synthesized similarly to the 2-linked isomer with the same 
equivalents and amount of materials to yield a colorless oil (5.0 grams, 93%). 
1H NMR (500 MHz, Chloroform-d) δ 8.22 (1H, d, J = 5 Hz), 8.06 – 8.04 (1H, d, J = 10 
Hz), 7.54 (1H, J = 5,10 Hz), 7.50 (1H, m), 7.40 (1H, m, J = 5 Hz), 7.27 (1H, d, J = 5 Hz), 
7.26 – 7.23 (1H, m) 4.25 (2H, t, J = 5 Hz), 1.88 – 1.84 (2H, m), 1.69 – 1.42 (4H, m), 1.27 
( 6H, m) 0.90 – 0.87 (3H, m). 
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9-octyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 
The 3-linked isomer was synthesized similarly to the 2-linked isomer with the same 
equivalents and amount of materials to yield extremely viscous, off-white, partially 
translucent oil (1.24 g, 61%). 
1H NMR (300 MHz, DMSO-d6) δ 8.47 (1H, s), 8.18 (1H, d, J = 6 Hz), 7.74 (1H, d, J = 9 
Hz) 7.52 (2H, m), 7.41 (1H, m) 7.17 (1H, J = 6,9 Hz), 4.31 (2H, t, J = 6,9 Hz), 1.74 – 1.65 
(2H, m), 1.30 (12H, s), 1.13 (10H, m), 0.82 (3H, m). 
General cross- coupling procedure for the small molecules via Suzuki reaction 
In a 3-necked RBF purged with argon, fitted with a condenser, substituted benzobisoxazole 
monomers 2 or 3 (0.25 mmol) and corresponding boronic ester monomers 4 or 5 (0.625 
mmol) and were dissolved in degassed toluene. One drop of Aliquot 336 (surfactant) was 
added to the reaction flask, followed by 2M sodium carbonate (6 mL, 12 mmol). The 
reaction solution was then deoxygenated for 30 min by pumping argon through the 
solution. PEPPSI-iPr catalyst (0.0125 mmol) was added, and the reaction kept at reflux for 
36 hours under argon. The solution was then diluted with chloroform and DI water to 
separate layers. Aqueous layers were extracted twice with chloroform (2 x 20 mL). The 
combined organic layers were washed with 1 M HCL, DI water and brine and dried with 
magnesium sulfate. After concentration, the residue was purified by column 
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chromatography with silica gel (gradient hexanes to 50/50 v/v hexanes/dichloromethane). 
The eluents were concentrated and dissolved in 1.5 – 5 mL of chloroform and precipitated 
into cold methanol (-78 °C). The resulting powder was taken through a second column by 
dry packing to silica, following the same gradient then precipitated into methanol to yield 
the corresponding small molecules. 
2,6-di(adamantan-1-yl)-4,8-bis(9-octyl-9H-carbazol-2-yl)benzo[1,2-d:4,5-
d']bis(oxazole)-- 2CZBA 
Monomers 2 and 4 were coupled via Suzuki cross-coupling to yield 2CZBA as a white 
powder (98 mg, 40% yield). 
 1H NMR (500 MHz CDCl3) δ 8.66 (2H, s), 8.31 (4H, q, J = 5,10 Hz), 8.16 (2H, d, J = 5 
Hz), 7.48 (4H, m), 7.27 (2H, m, mixed with the CDCl3 reference peak), 4.43 (4H, t, J = 
5,10 Hz), 2.31 (12H, s), 2.18 (6H, m), 2.05 (4H, p, J = 5,10 Hz), 1.87 (12H, s), 1.48 (4H, 
m), 1.37 (4H, m), 1.25 (12H, m), 0.85 (6H, t, J = 5,10 Hz), 13C NMR (126 MHz, cdcl3) δ 
173.25, 146.16, 141.48, 140.67, 137.24, 130.46, 125.85, 122.93, 122.65, 121.15, 120.69, 
120.31, 118.87, 114.57, 111.13, 108.78, 77.16, 43.51, 40.59, 36.74, 36.53, 32.03, 29.72, 
29.49, 29.42, 28.24, 27.74, 22.78, 14.21. HRMS (ESI) calclated for C68H78N4O2 983.6203 
[M + H]+; found 983.6226. 
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2,6-di(adamantan-1-yl)-4,8-bis(9-octyl-9H-carbazol-3-yl)benzo[1,2-d:4,5-
d']bis(oxazole) --3CZBA 
Monomers 2 and 5 were coupled via Suzuki cross-coupling to yield 3-CZBA as a white 
powder (136 mg, 55% yield).  
1H NMR (500 MHz, CDCl3) δ 9.22 (2H, s), 8.62 (2H, d, J= 5 Hz), 8.22 (2H, d, J= 5 Hz), 
7.62 (2H, d, J= 10 Hz), 7.51 (2H, t, J= 5,10 Hz), 7.46 (2H, d, J= 10 Hz), 7.30 (2H, t, J= 
5,10 Hz), 4.38 (4H,t,  J= 5,10 Hz) 2.37 – 2.26 (12H, m), 2.23 (6H, s) 1.95 (4H, m) 1.89 – 
1.85 (12H, m), 1.46 (4H, m) 1.38 (4H, m), 1.33 – 1.23 (12H,m) 0.89 (6H, t, J= 5,10 Hz) 
13C NMR (126 MHz, CDCl3) δ 173.06, 145.96, 141.03, 140.21, 136.91, 128.15, 125.73, 
124.06, 123.57, 123.18, 122.46, 120.52, 119.06, 113.91, 108.96, 108.78, 77.41, 77.16, 
77.16, 76.91, 43.39, 40.53, 40.32, 40.22, 40.20, 36.86, 36.77, 36.65, 36.51, 31.97, 29.58, 
29.37, 29.24, 28.27, 28.14, 28.03, 27.53, 22.78, 14.23. HRMS (ESI) calculated for 
C68H78N4O2 983.6203 [M + H]
+; found 983.6245. 
4,8-bis(9-octyl-9H-carbazol-2-yl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) 
2CZBP 
Monomers 3 and 4 were coupled via Suzuki cross-coupling to yield 2-CZBP as a yellow 
powder (147 mg, 68% yield). 
1H NMR (500 MHz, CDCl3) δ 8.59 (2H, s), 8.31 (6H, d, J = 5 Hz), 8.27 (2H, d, J = 5 Hz), 
8.15 (2H, d, J = 10 Hz), 7.50 (10H, m), 7.29 (2H, t, J = 5,10 Hz), 4.42 (4H, t, J = 5,10 Hz), 
2.05 (4H, p, J = 10 Hz), 1.49 (4H, p, J = 5, 10 Hz), 1.41 – 1.33 (4H, m), 1.30 – 1.16 (12H, 
m), 0.83 (6H, t, J = 5,10 Hz) 13C NMR (126 MHz, CDCl3) δ 163.45, 146.50, 141.30, 
140.50, 138.52, 131.32, 129.76, 128.74, 127.60, 127.32, 125.81, 122.76, 121.12, 120.59, 
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120.22, 118.82, 115.05, 111.00, 108.68, 77.26, 77.00, 76.75, 43.27, 31.85, 29.56, 29.26, 
29.24, 27.50, 22.59, 14.04. HRMS (ESI) calculated for C60H58N4O2 867.4638 [M + H]
+; 
found 867.4666. 
4,8-bis(9-octyl-9H-carbazol-3-yl)-2,6-diphenylbenzo[1,2-d:4,5-d']bis(oxazole) 
Monomers 3 and 5 were coupled via Suzuki cross-coupling to yield 3-CZBP as a yellow 
powder (133 mg, 61% yield). 
1H NMR (500 MHz, CDCl3) δ 9.23 (2H, s), 8.62 (2H, d, J = 10 Hz), 8.40 (4H, m), 8.29 
(2H, d, J = 5 Hz), 7.66 (2H, d, J = 5 Hz), 7.57 – 7.52 (8H, m), 7.49 (2H, d, J = 10 Hz), 7.33 
(2H, t, J = 5,10 Hz), 4.40 (4H, t, J = 5,10 Hz), 1.98 (4H, J = 5,10 Hz), 1.48 (4H, m) 1.40 
(4H, m) 1.30 (12H, m), 0.89 (6H, t, J = 5,10 Hz) 13C NMR (126 MHz, CDCl3) δ 163.59, 
146.62, 141.09, 140.42, 138.51, 131.43, 129.13, 128.99, 128.31, 128.24, 127.89, 127.65, 
125.89, 123.51, 123.49, 123.34, 122.61, 120.72, 119.16, 114.75, 110.15, 109.04, 108.91, 
77.41, 77.36, 77.16, 77.16, 76.91, 43.42, 31.99, 29.60, 29.39, 29.26, 27.55, 22.79, 14.25. 
HRMS (ESI) calcd for C60H58N4O2 867.4638 [M + H]
+; found 867.4605. 
2,6-bis(9,9-dihexyl-9H-fluoren-2-yl)-4,8-bis(9-octyl-9H-carbazol-3-yl)benzo[1,2-
d:4,5-d']bis(oxazole) 3-CZBF 
Monomers 6 and 5 were coupled via Suzuki cross-coupling to yield 3-CZBF as a dark 
yellow powder (157 mg, 42% yield). 
1H NMR (400 MHz, CDCl3) δ 9.35 (2H, s), 8.78 (2H, dd, J = 4, 8 Hz), 8.43 (2H, J = 4, 8 
Hz), 8.40 (2H, s), 8.33 (2H, d, J = 8 Hz), 7.88 (2H, J = 8 Hz), 7.81 – 7.78 (2H, m), 7.76 
(2H, d, J = 8 Hz), 7.58 (2H, d, J = 8 Hz), 7.56 – 7.51 (2H, m), 7.39 (6H, m), 7.34 (2H, m) 
4.47 (4H, t, J = 4, 8 Hz), 2.15 – 1.99 (12H, m), 1.51 (4H, m), 1.42 (4H, m) 1.37 – 1.28 
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(12H, m), 1.14 – 1.02 (24H, m), 0.93 – 0.88 (6H, t, J = 4, 8 Hz), 0.74 (12H, J = 8 Hz), 0.67 
(8H, m). HRMS (ESI) calcd for C98H114N4O2 1379.9020 [M + H]
+; found 1379.9077. 
Instrumentation 
Nuclear magnetic resonance (NMR) experiments were carried out in CDCl3 at 400 or 500 
MHz (1H), 101 MHz (13C). In all spectra, chemical shifts are given in δ relative to the 
internal solvent reference peak. Coupling constants are reported in hertz (Hz). High-
resolution mass spectra were recorded on a double-focusing magnetic sector mass 
spectrometer using ESI. Melting points were obtained on a melting point apparatus with 
300 °C upper limit and are uncorrected. The electrochemical data of the benzobisoxazoles 
small molecules were collected using a platinum working electrode, 0.1 M Bu4NPF6 in 
acetonitrile as the electrolyte, platinum wire for the auxiliary electrode, an Ag/Ag+ 
reference electrode under an argon atmosphere, and all recorded on an eDAQ e-corder 410. 
All solution UV-Vis and fluorescence spectra were obtained using 1x10-6 M toluene 
solutions in 10 mm path length quartz cells unless otherwise noted. Film UV-Vis spectra 
were obtained from spin-coated films of each molecule on 25-mm glass slides from 
solution concentrations of 5-10 mg/mL. The glass slides were first cleaned by 30-minute 
sonications in distilled water, acetone, and isopropanol. UV-Vis spectra were collected on 
a Shimadzu UV-1800 UV spectrophotometer. Photoluminescence spectra were obtained 
on a Varian Cary Eclipse spectrophotometer. Absolute solution fluorescence quantum 
yields were obtained using a HORIBA spectrophotometer Nanolog FL3-2iHR equipped 
with a Quanta-phi integrating sphere. Fluorescence lifetimes were carried out on a Life 
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spec II spectrophotometer from Edinburgh Instruments, equipped with a 405 nm 
picosecond pulsed diode laser with horizontal polarization. 
Computational Details 
Calculations on the molecules studied in this work were performed using the Gaussian 
09243 with the GaussView 6 GUI interface program package. All electronic ground state 
geometries were optimized using density functional theory (DFT) employing a B972 
functional and a 6-311G basis set and were verified through a frequency calculation with 
and without chloroform solvent inclusion using the conductor-like polarizable continuum 
model (CPCM).  The first 15 excited states and UV-Vis simulations were generated 
through time-dependent density functional theory (TD-DFT) applied to the optimized 
ground state for each cruciform. The HOMO, LUMO, and bandgap energies were also 
calculated from these ground state optimizations. The optical band's gap was approximated 
as the first excited state, which is the HOMO – LUMO transition.244 The output from the 
TD-DFT computation was fit with a Gaussian curve through GaussVIew6 software, and a 
UV-Vis simulated spectrum was produced. 
UPS process and characterization 
Ultraviolet photoelectron spectroscopy (UPS) was used to acquire the ionization potentials 
to approximate the HOMO values for each small molecule. All substrates (positively-
doped silicon; 10 x 10 mm2) had 40 nm of silver deposited via thermal evaporation. 
Samples were prepared by dissolution in chloroform at concentrations of 5 and 2.5 mg/mL 
and stirred for a minimum of 4 hours. Each sample was first filtered to remove potential 
aggregates and sequentially spin-coated under a nitrogen atmosphere at 2000 and 4000 rpm 
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(2.5 mg/mL was only spun at 4000 rpm). Spectra were then acquired under ultra-high 
vacuum. The presented HOMO energies and corresponding standard deviations are 
determined by using all values obtained at random positions. 
OLED Fabrication and Characterization 
OLEDs were fabricated on nominally 10-20 ohms/sq, 120-160 nm thick ITO-coated glass 
substrates (Colorado Concept Coatings). The substrates were first cleaned with a detergent 
and organic solvents and then treated in a UV/ozone oven to increase the work function of 
the ITO and facilitate hole injection, as described elsewhere. A 60 nm poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) layer was spin-coated onto 
the ITO and then baked in air at 120 °C for 1 h and next in an argon-filled glove box at 120 
°C for 30 min. Blends of 4,4’-bis(9-carbazolyl)-biphenyl (CBP) and  2 and 10 % by weight 
of  3-CZBF in chlorobenzene solutions were spin-coated on top of the PEDOT: PSS layer 
in the argon-filled glove box. The combined concentration of the CBP and guest material 
was kept constant at 9 mg mL–1. The solution was spin-coated at 4000 rpm for 60 s. The 
fabricated structure was then annealed at 60 °C for 30 min. The samples were transferred 
to a thermal evaporator within the glovebox following the annealing step, and the 4,7-
diphenyl-1,10-phenanthroline (BPhen), lithium fluoride, and aluminum layers were 
deposited sequentially by thermal evaporation at a base pressure of ~ 1 × 10–6 Torr. The 
OLEDs were characterized by monitoring their electroluminescence (EL) spectra and 
brightness as a function of the applied voltage, and the luminous and power efficiencies 
were determined. 
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Figure 48: Film UV-Vis and PL for each small molecule on glass 
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Cyclic Voltammetry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 49: Cyclic Voltammograms of the small molecules from the film state. 
Experiments performed in acetonitrile with Fc/Fc+ as the correction reference. 
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Thermal Gravimetric Analysis 
 
Figure 50: TGA thermograms of the small molecules heating at a scan rate of 10 °C/min under a N2 
atmosphere. 
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SI Figure 53: 1H NMR for 2-CZBA 
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SI Figure 54: 13C NMR for 2-CZBA 
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SI Figure 55: 1H NMR for 3-CZBA 
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SI Figure 56: 13C NMR for 3-CZBA 
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SI Figure 57: 1H NMR for 2-CZBP 
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SI Figure 58: 13C NMR for 2-CZBP 
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SI Figure 59: 1H NMR for 3-CZBP 
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SI Figure 60: 13C NMR for 3-CZBP 
  
200 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI Figure 61: 1H NMR for 3-CZBF 
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SI Figure 62: 1H NMR for 3-bromo-9H-carbazole 
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SI Figure 63: 1H NMR for 3-bromo-9-octyl-9H-carbazole 
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SI Figure 64: 1H NMR for 9-octyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 
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SI Figure 65: 1H NMR for 2-bromo-9H-octylcarbazole 
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SI Figure 66: 1H NMR for 9-octyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole 
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CHAPTER SIX: CONCLUSIONS 
This study further expanded the use in benzobisoxazole in polymers to be used in 
polymer LEDs and achieved deep-blue electroluminescence at 450 nm. Although deep-
blue emission was obtained, the issue of aggregation plagued the potential use of BBO-
based polymers in OLEDs. We further investigated the issue of aggregation by 
transitioning from polymers to small molecules, which allowed us to stay in the blue-
emissive space with reduction of the conjugation length. The small molecules were 
measured and verified by theory to begin a new optimization pathway of conjugated 
materials for organic semiconductors. Small molecule OLEDs were fabricated and reached 
record efficiencies for BBO-based OLEDs at 3%.  
Development of successful small molecules has pushed our group into elucidating 
the effects of substituent effects of electron rich and deficient moieties on the 4,8- and 2,6- 
axes and elucidated by theoretical calculations and experimental values. We have shown 
the promise and potential of being able to manipulate energy, as well as the ability to 
increase or decrease ICT, which will help with material design choices in the future and 
applications. New theoretical methodologies will shape the future for molecular synthesis 
and materials as the days of making random molecules dwindle. The versatility of 
benzobisoxazole will allow for the evolution of new materials in all categories of organic 
semiconductors.  
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